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ABSTRACT
In species who consume folivorous diets, immature individuals must contend with the
challenges of extracting nutrients from fibrous foods before dietary adaptations and strategies are
fully developed. Additionally, immatures have distinct nutritional needs to support their stagespecific metabolic and biophysiological requirements. To meet these stage-specific needs, while
constrained by underdeveloped feeding strategies and digestive capacities, immatures may adopt
distinct diets better suited to their specific developmental context. However, where dietary
modification is constrained by low dietary diversity or landscape homogeneity, it is unclear how
immature individuals compensate through alternative strategies. In turn, little is known about the
nutritional and life history implications of restrictions in alternative foraging strategies.
This dissertation is divided into three main studies. Firstly, a comprehensive literature
review examines the theoretical framework and provides context for the importance and relevance
of this topic to the broader study of life history patterning and developmental outcomes. Following
this, the diet of mountain gorillas across development is characterized through a combination of
four hour focal follows and nutritional biochemical analysis of consumed food items. The results
of this study suggest that mountain gorillas self-select their diets to age- and stage-specific nutrient
targets, occupying unique nutritional niches within the species’ overall nutritional landscape. To
meet these age-specific nutritional needs within their relatively constrained ecological
environment, immature mountain gorillas engage in three principle behavioral strategies: 1)
differential reliance on food items, including increased consumption of highly digestibly foods as
well as self-selection of a balance of nutrients higher in non-protein energy intake relative to
protein intake, 2) compensatory foraging and increased overall foraging effort to compensate for
biophysiological limitations (i.e. gut size) and behavioral limitations (feeding/foraging
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competency), and 3) extended use of mother’s milk as a nutritional ‘buffer’ during periods of
preferred food scarcity.
Next, this dissertation considers the one of the most complex and dynamic systems
involved in the regulation and utilization of nutrients: the gastrointestinal microbiome. The
gastrointestinal microbiome is first characterized using a large library of mountain gorilla samples,
spanning all members of three social groups. This characterization confirms previous work on the
microbiome of mountain gorillas, and further establishes that the microbiome of mountain gorillas
is relatively aseasonal, but can be differentiated based on age-class. Contrary to expectations of
diversity, the infant mountain gorilla microbiome is broadly less diverse than those of juvenile and
adult individuals, with higher abundance of key hydrogenotrophic taxa and sulfate-reducing
bacteria. These taxa may play a role in preventing hydrogen accumulation in the gut during
development. Additionally, this study shows that there are differences in the abundance of major
phyletic groups (specifically, Actinobacteria, Firmicutes, and Bacteroidetes), suggesting that
immature individuals may house microbiomes with greater capacity for energy harvest, potentially
as an adaptation to maximize nutrient availability during periods of growth and development where
individuals are sensitive to environmental perturbation and dietary shortfalls.
Lastly, this dissertation considers the dietary metabolome of mountain gorillas through
characterization of the fecal metabolome, in a pivotal step to bridge the gap between observed
diet/nutrient intake and individuals’ capacity to use ingested nutrients (including through
microbiome-mediated nutrient pathways). Mountain gorillas demonstrate distinct metabolomes
throughout development, especially with respect to the relative concentration of lipid and lipidderived molecules and organic acids/phenolic compounds and their derivatives. Additionally, this
study explicitly considered the potential influence of observed diet and nutrient intake as drivers
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of differentiation among age groups; it is found that protein intake is a primary driver of infant
microbiome differentiation, and non-digestible fibers are a primary driver in differentiating both
the adult microbiome and metabolome.
Through these studies, this dissertation provides the first comprehensive examination of nutritional
ontogeny through a multi-layered ecological approach, by examining these complex relationships
in immature mountain gorillas (Gorilla beringei). This dissertation significantly contributes to our
understanding of nutritional ontogeny and compensatory nutritional strategies among great apes
living at the extreme end of their known ecologies, and, in turn, provides a lens towards the
potential evolutionary basis of these behaviors and adaptations.
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CHAPTER 1: REVIEW OF NUTRITIONAL ONTOGENY AND DIGESTIVE
MATURATION IN HUMANS AND NON-HUMAN PRIMATES
In this literature review, I contextualize nutritional ontogeny within the framework of life

history patterning, and discuss the role of nutrition and nutritional development as a driver of life
history variability across primates. This includes a review of the specific nutritional and energetic
demands associated with immaturity in wild non-human primates, and the associated
consequences/risks individuals face during these life history transitions. Following this, I explore
the unique developmental and nutritional challenges associated with nutritionally constrained,
difficult to process, or homogenous diets, and the compensatory strategies employed to navigate
these ecologies. This discussion emphasizes the role of microbial strategies and the relationship
between diet and the gastrointestinal microbiome. Lastly, I briefly consider our understanding of
juvenile nutritional strategies as distinct from those of adults, and how these strategies may
manifest in the aforementioned ecological circumstances.
1.1
1.1.1

NUTRITION AND LIFE HISTORY
Nutritional ecology in non-human primates
Nutritional ecology, broadly, addresses the relationship between an organism’s ecological

environment (including abiotic and biotic factors) and their nutritional requirements, foraging
behavior, and utilization of available foods to meet their nutritional needs (van Soest 1994).
Meeting nutritional needs in complex ecological environments is central to the livelihood of nonhuman primates, and nutritional ecology has implications extending to habitat utilization (Garber
1987; Marshall et al. 2014), sociality (Andelman 1986; Chapman and Rothman 2009), community
structure (Janson and Chapman 1999), demography and reproduction (Carnegie et al. 2011;
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Higham et al. 2009; Koenig et al. 1997; van der Heide et al. 2012), morphology (Boyer 2008;
Lambert 1998; Milton 1981), and life history (Borries et al. 2011; McFarlin et al. 2013).
Five prevailing theories exist in nutritional ecology to explain how primates acquire
nutrients and navigate their nutritional environment: energy maximization (Altmann 1991; Pyke
et al. 1977; Stephen and Krebs 1986), protein maximization (Altmann 1991; Ganzhorn 1992;
Mattson 1980), toxin minimization (Barton and Whiten 1994; Glander 1982; DeGabriel et al.
2009; ), fiber minimization (Milton 1979; Kool 1992), or nutrient balancing (Felton et al. 2009a;
Raubenheimer et al. 2009).
Of these theories, nutrient balancing is unique in considering the fact that interactions
among contemporaneously consumed nutrients can alter their bioavailability (National Research
Council 2003) and trigger a complex set of physiological responses (Clissold et al. 2010).
Excessive or deficient levels of one nutrient may lead to the body relying on another to
compensate, or may alter the enzymatic and biochemical processes that regulate the metabolism
of others (Danielsen 1989; Kushak and Winter 1999). Unbalanced consumption of multiple
nutrients can impact growth, reproductive fitness, immune functioning, or longevity (Coogan et
al. 2014; Lee et al. 2008; Ponton et al. 2011; Skalli et al. 2004; Solon-Biet et al. 2014). Thus, an
individual’s diet, even while meeting independent nutrient requirements, can still compromise
fitness or growth outcomes (Sperfeld et al. 2017).
To fully understand feeding and foraging decisions, it is therefore necessary to consider
nutritional ecology beyond the consumption of individual nutrients, and instead consider how
individual foods are consumed to meet biologically appropriate complements of nutrients over
time. This involves considering nutritional ecology and nutritional intake as a complete,
multivariate entity, rather than through the independent monitoring of single nutrients or food
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items. Through nutrient balancing, individuals self-select a specific diet through the consumption
of diverse food sources in variable quantities and ratios that converge to an optimal nutrient intake
target. ‘Intake target’ here refers to the optimal balance of nutrients, given an individual’s state
(informed by an individual’s mass, age, sex, growth rate, reproductive state, etc.), where nutritional
requirements are met without incurring costs associated with nutrient-nutrient interactions that
limit the utilization of other nutrients. These intake targets are dynamic in response to an
individual’s state (which includes physiological, environmental, and developmental factors).
Shifts in nutritional intake are thought to be mediated by dynamic responses to nutritional needs
as well as social/environmental conditions (Johnson 2002). When an individual experiences a
change in metabolism or growth (as triggered by environmental or hormonal/physiological
mechanisms), it causes a resulting shift in demand for nutrients, and eventually, feeding behavior
(Browne 1995). For example, in tobacco hornworms (Manduca sexta), young larvae demonstrate
high mortality on high-fat diets, whereas older larvae do not; this suggests that the hornworms
experience a developmental shift in lipid metabolism, and concomitant ability to increase dietary
lipid intake (Cambron et al. 2019).

To understand these shifts, both metabolically and

behaviorally, it is important to address the underlying life history principles and trade-offs that
exist across each individual’s lifespan.
1.1.2

Life history theory and nutrition
Over the course of their lifespan, animals must continually distribute the finite resources

available to them across several competing metabolic, reproductive, and biophysiological demands
(Charnov 1979; Stearns 1992; Leigh and Blomquist 2007). The pattern of this apportionment –
from the duration and speed of somatic growth to the frequency and intensity of reproductive effort
– varies greatly both across and within species (Charnov and Berrigen 1993). Life history theory,
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sensu lato, addresses the underlying question of why this variation exists, and how it is both shaped
and maintained by evolutionary forces. Ultimately, life history theory addresses the underlying
question of why it is not always advantageous for an individual to consistently maximize the
number and frequency of offspring produced, and explores the extrinsic and intrinsic factors that
select for variation in life history patterning (Nylin and Gotthard 1998; van Noordwijk and deJong
1986).
The precise delineation of life history stages is variable depending on the resolution and
specificity of traits under consideration. Broadly, life history stages encompass all distinct agerelated phases of growth, maturation, reproduction, and senescence (Braendle et al. 2011). Classic
analysis (as per Stearns 1992) typically include size at birth, growth pattern, age at maturity, size
at maturity, schedule of reproductive investment, schedule of mortality, and length of life as
primary life history traits. While life history stages are often associated with demographic
parameters (e.g. birth rate, life expectancy, age specific mortality/fecundity), life history traits also
include specific biophysiological parameters which vary throughout the lifespan, including the
duration and timing of developmental phases, and patterns/expression of system function from
birth until death (Leigh and Blomquist 2007).
From a population perspective, life history patterning is often associated with demographic
parameters, as defined by the instantaneous rate of natural increase (r) for a given population
(Stearns 1992). Predictive models of life history patterning often consider parameters of population
growth, mortality risk, and environmental stochasticity (Alberts and Altmann 2003). Under the
assumption that the goal of a life history strategy is to maximize fitness over the entire course of a
lifespan, age-specific rates of survival and reproduction can be used to model ‘optimal’ life history
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trajectories based on probability of success/survival and productivity of reproductive effort
(Altmann and Alberts 2003; Roff 1993).
From a physiological perspective, life history patterning is the result of inverse associations
between traits in relation to the apportionment of energetic resources within the organism (Ricklefs
and Wikelski 2002; Sherrow and MacKinnon 2011). This relationship between traits is termed a
‘trade-off’, as the associations between traits (i.e. somatic systems versus reproductive systems) is
a product of sharing an energetic resource pool among multiple competing demands; in increasing
the allotment of shared energetic resources to any given system, there is a corresponding decrease
the allotment of shared resources to another. Thus, depending on the demographic, environmental,
and ecological conditions that surround an organism, the life history pattern observed will deviate
from the baseline assumption that organisms should favor the shortest possible period of prereproductive growth and development to maximize the reproductive output across their lifespan
(Hill and Hurtado 1996). For example, the efficacy of this ‘offspring maximization’ paradigm is
influenced by the relationship between reproductive onset and output against age-specific
mortality risk, offspring survival rate, and the risk of compromised fitness due to suboptimal
somatic maintenance/repair (Hill and Hurtado 1991).
The ‘trade-off’ paradigm associated with life history variability is further influenced by
energetic and nutritional resource availability (Declerck et al. 2015; Emery-Thompson 2016;
Solon-Biet et al. 2015; Metcalfe and Monaghan 2001; Skibiel et al. 2013), genetic effects (Coolon
et al. 2009; Wilczek et al. 2009), historical contingencies (Maynard-Smith et al. 1982), hormonal
status (Emery-Thompson 2016), and environmental variation both within and between species
(Reznick et al. 2000; Zera and Harshman 2001). Proximate explanations of life history trajectory
must consider the pleiotropic interaction and functional correlation between systems, such that
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resource allocation to one system can have cascading or exacerbating effects on other systems
irrespective of independent resources allocated to those systems (Zera and Harshman 2001).
Of these, one the most fundamental underlying variables in determining life history
patterning and the exact mechanisms of trade-off under question are the availabilities of various
nutritional resources (van Noordwijk and de Jong 1986). The nutritional resources that contribute
to shaping life history are now understood to be far more complex than a single dimension of
metabolic activity, whereby a unit of consumed nutrient is presumed to be entirely bioavailable
and result in the production and utilization of energy and nutrient return at the same rate as if
consumed in isolation (Kubena and McMurray 1996). Rather, there are interactive effects between
nutrients, and post-ingestive metabolic mechanisms that may alter the absorption or utilization of
nutrients. These mechanisms alter the availability and metabolic fate of individual nutrients within
ingested food items. As such, intermediary metabolic pathways play a complex role in shaping life
history, as well as in altering the strength of associations between competing functional systems
(Barrett et al. 2009; Catlett et al. 2010; Clark et al. 2015; Gray et al. 2018 Jones et al. 2018; Lind
and Jeyasingh 2017). This relationship between nutrition, metabolic outcomes, and life history
traits can either be negative (increasing the effect of a trade-off between systems), or positive
(diminishing the strength of trade-offs between systems).
The precise impact of nutrient intake on the directionality and strength of life history
physiological trade-offs has been examined in many model species, and is particularly well
understood in insects (Clark et al. 2015). Through these studies, it has been suggested that the
mechanism of action governing the relationship between nutrient intake and life history variables
is likely endocrine responses and alterations to intermediary metabolism (Harshman and Zera
2007; Karasov and Martinez del Rio 2007). In mammals, the relationship between life history and
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nutritional intake has been empirically studied in squirrels (Skibiel et al. 2013), white-tail deer
(Jones et al. 2018), mule deer (Monteith et al. 2014), mountain sheep (Monteith et al. 2017), mice
(Solon-Biet et al. 2015), and brushtail possum (DeGabriel et al. 2009).
Given that life history patterning is ultimately a question of apportionment of energetic
resources, diet and nutritional status are central components to questions of life history. Nutrient
intake at any point in time dictates the finite resource base that the individual must apportion across
competing demands. Historically, in the study of non-human primates, this component has been
considered within the context of broad, dietary ‘categories’, defined by the primary type of food
resource consumed by the individual (e.g. folivores, who consume predominantly leafy and
herbaceous materials, and frugivores, who consume predominantly fruit resources) (Smuts et al.
1987). However, these broad categorizations are now understood to be an oversimplification of
the primate diet and nutritional flexibility (Altmann 2009; Chapman et al. 2012; Sayers 2013).
Non-human primates consume complex diets, and opportunistically or seasonally incorporate a
mix of resource types, including fruits, leaves, other plant parts (e.g. bark, pith, flowers), and
invertebrates (Chapman and Chapman 1990; Lambert and Rothman 2015). For example, members
of the genus Alouatta, classically categorized as a folivorous primate (Milton 1979), have been
shown to rely seasonally and opportunistically on fruit resources (Milton 1998), with fruit
comprising up to 42% of their annual diet (Kaplan and Robson 2002). This variability is in large
part dictated by resource availability, which can change due to seasonality, anthropogenic effects,
or biogeographical movement. However, it is also dictated by an individuals’ intrinsic nutritional
needs, which varies over time, season, and life history stage (NRC 2003).
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1.1.3

Life history and nutrition in non-human primates
Historically, across mammals, life history trajectories have been considered along what is

termed the ‘fast-slow’ continuum, after MacArthur and Wilson’s classic r/K-selection model
(Leigh and Blomquist 2011). ‘Fast’ track species are those that demonstrate rapid development
and earlier maturation, whereas ‘slow’ species demonstrate slower rates of growth and delayed
maturation (Charnov and Berrigan 1993). Primates demonstrate clear ‘slow’ life histories,
characterized by slow growth, large body size at maturity, long lifespans, and low birth rates
(Charnov and Berrigan 1993). Slow life history trajectories in primates have been hypothesized to
reflect an adaptive strategy for the growth and maintenance of large, complex brains (Leigh 2004),
but recent energetic studies have suggested that primate life histories are reflective of their low
energy expenditure (relative to the energy expenditure of similarly sized placental mammals)
(Pontzer et al. 2014).
While all primates are considered to follow a slow life history pattern, there exists also
high variability and plasticity in life history traits both within and among primate taxa. Much of
this variability is allometric (Harvey and Clutton-Brock 1985), or reflective of the high degree of
ecological diversity and plasticity within the order (Leigh and Blomquist 2007; Lahann and
Dausmann 2010). The importance of nutrition and nutrient acquisition as a contributor to primate
life history variability is emphasized by the metabolic underpinnings of primate life history
patterning (Pontzer et al. 2014) and by the variability of resource availability and acquisition
strategies across and within taxa (Emery-Thompson 2016). Many primate studies have addressed
life history traits from an adaptive perspective in relation to resource and nutrient availability; For
example, foundational long-term work in baboons by Altmann and Alberts (e.g. 2003) has
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demonstrated the lasting effect of juvenile feeding behaviors in early life on life history trajectory,
growth rates, and lifetime fitness.
While a strong narrative is emerging to explain life history variability in primates from an
ecological (and ultimately, nutritional) perspective, it is also increasingly apparent that this the
classic fast/slow paradigm of life history patterning does not fully capture the extent variability in
primate life history traits (including that of humans). This is because, while life history trajectories
may be accelerated or decelerated, categorization based on life history ‘speed’ or trait duration
obscures both the variability within each trait, and the modularity/dissociability of traits
(Benzanson and Morbeck 2013). The modularity of life history patterning is greatly important to
understanding variability in the length and tempo of any given life history stage. Life history
‘modes’ refer to developmental patterns of distinct growth trajectories and patterns for distinct
developmental modules, which takes into account the dissociability and independent variability of
life history characteristics (Pereira and Leigh 2003; Blomquist et al. 2009). Life history as a
modular set of dissociable units is especially relevant during ontogeny, with increasing evidence
that developmental patterns are not always tightly integrated or uniform. For example, folivorous
howler monkeys, who are considered to have an accelerated life history trajectory (fast
development, early weaning, early maturity) have been shown to demonstrate distinct
developmental trajectories across specific biological systems (i.e. delayed craniofacial
development, despite early dietary independence) (Raguet-Schofield and Pavé 2015). Due to the
modularity of developing systems, it is critical that questions of life history consider the full
ecological context of ontogenetic processes to understand the order, timing, and selective
forces/adaptive strategies associated with each life history mode under examination.
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1.2
1.2.1

THE ECOLOGY OF EARLY LIFE
Juvenility and ecological risk
The developmental nature of nutritional strategies complements our current understanding

that diet has far-reaching implications for the timing and patterning of early life history stages. As
a group, primates are unique among mammals in their extensive periods of juvenile development
(Pereira and Fairbanks 2003). This juvenile period is defined as the time between weaning and
sexual maturity, where continued parental assistance buffers against increased vulnerability to
starvation and predation. Given that the pace, timing, and patterning of growth (as aforementioned)
is heavily reliant on the availability of energetic and nutritional resources, these challenges play a
pivotal role in understanding the variability and timing of life history transitions from birth to
adulthood.
In primates, the duration and timing of the juvenile period in primates is often attributed to
ecological risk and unique vulnerabilities faced by immature individuals. Due to the fact that their
size and relative immaturity makes juvenile primates more vulnerable to both predation and
starvation, the Ecological Risk Aversion Hypothesis (also sometimes termed the Metabolic Risk
Aversion Hypothesis) suggests that among species or populations in which either predation risk is
high, contest competition is high (i.e. foods are monopolizable and distributed based on hierarchy
or seniority), or foods are patchily distributed (i.e. high scramble competition such that less
competent or slower foragers are disadvantaged), prolonging the juvenile period will buffer against
the high risk of mortality associated with predation or starvation (Janson and van Schaik 1993).
Slower, lower rates of growth in these environments reduces daily energetic needs, and reduces
the risk of starvation by distributing the total cost of growth over a prolonged period of time.
Conversely, in environments where foods are distributed in a predictable, aseasonal, or non-
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competitive manner (traditionally associated with folivory), individuals should be more able to
accelerate the period of juvenile growth, as energy shortfalls are not a limiting factor, and
acceleration of maturity may afford greater opportunities for reproduction and higher reproductive
success across the lifespan (Janson and van Schaik 1993).
Support for the Ecological Risk Aversion Hypothesis (ERAH) is equivocal in primates.
Some studies have found a relationship between accelerated early life history and folivory (Leigh
and Shea 1996; McFarlin et al. 2013; Stoinski et al. 2013), while others have found accelerated
early life history in association with frugivorous or nutritionally enhanced, energy-dense diets
(Altmann and Alberts 2005; Asquith 1989; Borries et al. 2001; Godfrey et al. 2004; Whitten et al.
2009). Additionally, certain lines of evidence suggest that foraging competency is not a significant
constraint to immature nutrient acquisition. For example, evidence from squirrel monkeys (Saimiri
sciureus), and multiple species of capuchins (Cebus spp.) suggests that juveniles in these species
demonstrate adultlike foraging competency almost immediately after weaning (Fragaszy and
Boinski 1995; MacKinnon 2006; Stone 2006). Few data have empirically tested the role of
nutrition (as distinct from diet) in shaping these and other early life developmental milestones in
non-human primates (Lee 2001).
One of the reasons for the inconsistent support for ERAH may be the dissociable, modular
nature of early life history milestones, in which the same environmental pressures may exert
differential selective pressures depending on the age/stage of the individual (Benzanson and
Morbeck 2013). This has been documented for decades outside of primates; Williams (1966)
demonstrated that stage-specific selective pressures play a large role in determining fine-scale
variability in growth rates in nestling birds, as manifested by rapid periods of growth during
developmental stages with high mortality risk (i.e. fledgling), and slower periods of growth during
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low risk stages of development. Here it is important to note that these oscillations occurred within
the same gross life history category (juvenility), but that there is variability and unique patterning
within what we often consider to be the same phase of development.
1.2.2

The nutritional requirements of immaturity

Studies of primate nutritional requirements in the context of captive husbandry have indicated
that infant and juvenile primates require 30-50% more energy per day than their adult counterparts
calculated on a kcal•BWkg-1 basis (NRC 2003) to support healthy growth and development.
Beyond energy, the nutritional recommendations for infant and juvenile primates include higher
dietary quality (more soluble/digestible nutrients), higher protein on a dry matter basis,
supplementation of specific amino acids (e.g. taurine), increased n-3 fatty acid intake, and lower
indigestible fiber on a dry matter basis (NRC 2003). In wild primates, juvenile mountain gorillas
have been shown to consume twice as much daily energy (calculated on a kJ per unit mass basis)
compared to adult males, including 120% more kJ from water-soluble carbohydrates and 63%
more kJ from protein (Rothman et al. 2008).
Furthermore, during early life history, the relationship between nutrient intake and life
history trade-offs are exceptionally pronounced, as individuals face strong selective pressures to
optimize between earlier reproductive maturity (especially in instances with high early mortality
risk), larger body size at maturation (which, in turn, may improve reproductive fitness and
survivorship/quality of offspring), and growth rates (wherein faster growth is more energetically
demanding, and more vulnerable to stochasticity in resource availability).
During immaturity, both intrinsic and extrinsic factors can greatly influence the
development of the adult phenotype and shapes the individual’s life history strategy (Barrett et al.
2009). The nutritional environment is critical in these mechanisms – resource availability and
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patterning are a primary determinant of both growth acceleration and deceleration, and as a
consequence, of life history outcomes (Metcalfe and Mohegan 2001). In olive baboons (Papio
anubis), food shortages in the first 16 weeks of life strongly decelerates growth rate (relative to
both normal and food-enhanced growth rates), indicating the strong role of early nutritional
environment in growth suppression and deceleration (Coelho and Rutenberg 1989). In terms of
sustained life history implications, delayed growth due to nutritional shortage has been linked to
reduced size at maturity (Abrams et al. 1996), slower time to maturity (Searcy et al. 2004),
shortened reproductive lifespan (Barrett et al. 2009), and shortened overall lifespan (deKogel
1997).
Recently, experimental studies have begun to probe into the mechanisms and specific
nutrients that play a role in adult outcomes, and, in turn, contribute to the life history trade-offs
faced by the immature individual. The relationship between early life nutrition and life history can
mediate the development of physical phenotypic characteristics, as with fruit flies, where protein
to carbohydrate ratio during development determines the size of secondary sexual characteristics
(and, resultantly, reproductive fitness) (Gray et al. 2018). The relationship between early life
nutrition and life history can also mediate lasting changes in physiological mechanisms (e.g.
up/down regulation of certain biological pathways, metabolic ‘programming’, endocrine
responsivity). For example, Maurer et al. (2010) found that rats weaned onto either control, highfiber, or high-protein diets had differential growth outcomes, body fat composition, and responded
differently to oral glucose tolerance tests (OGTT) when introduced to a high-fat, high sucrose diet.
Specifically, individuals weaned onto high fiber diets demonstrated lower plasma glucose, lower
leptin levels, and upregulation of GLUT 5 mRNA expression in the intestine during the OGTT
challenge (Maurer et al. 2010).

13

These and other studies of early diet and nutrient exposure underscores the importance of
dietary ontogeny – and specifically, of nutritional ontogeny – in considering questions of life
history and in understanding both within and between species variability in the timing and
patterning of growth/development. However, it also indicates the importance of understanding
early life nutrition as a window to understanding variability in adult phenotypes, and its
implications for later life fitness and adaptability.
1.2.3

Ontogeny of nutrition and nutritional strategies
Despite the importance of nutrition in shaping development, immature individuals may not

yet possess the necessary strategies that adults rely on to meet their nutritional needs. In many
species, this leads to juveniles consuming a distinct developmental diet. This has been documented
in iguanas (Ctenosaura pectinata) (Cooper and Lemos-Espinal 2001; Durtsche 2000), degus
(Octodon degus) (Sabat and Bozinovic 2008), hoary bats (Lasiurus cinereus) (Rolseth et al. 1994),
sparrows (Melospiza melodia) (Searcy et al. 2004), green turtles (Chelonia mydas) (Campos et al.
2018), and slider turtles (Trachemys scripta) (Bouchard and Bjorndal 2005), among others.
Typically, these early diets tend towards higher reliance on nutrient-dense, high-protein, highly
digestible foods (e.g. insects) and lower intake of high-fiber, herbivorous food sources.
While completely distinct ontogenetic diets are not observed in non-human primates, the
study of early diet and nutritional ontogeny has indicated high variability across the Primate order
in terms of immature individuals’ nutritional strategies, foraging efficiency, and convergence with
adult diets. Many nutritional strategies which adult individuals rely on to process and digest food
items are acquired ontogenetically, and through exposure to specific environments or food. Thus,
immature primates may be limited in their nutrient acquisition, even while consuming adultlike
diets, due to limitations associated with gut maturation (Knott and DeLong 2017; Lee 1996; Remis
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2000), the acquisition of digestive bacteria (Edwards 2017; Langer 2008; Lee 1996), masticatory
ability (Chalk 2011; Dechow and Carlson 1997; Perry et al. 2011; Taylor 2002), food availability
(Tarnaud 2004), competition for food resources (Janson and van Schaik 1993), and seasonal food
availability (Raguet-Schofield and Pavé 2015; Smith et al. 2017). For example, juvenility is often
associated with smaller, immature jaws and corresponding weaker jaw strength. As such, juvenile
primates are less efficient when consuming mechanically difficult foods (fibrous foods, Hanya
2003; leaves, Ossi-Lupo 2010; seed and nuts, Robl 2008).
This is corroborated by findings that immature primates demonstrate distinct nutritional
strategies, including differential consumption of certain food categories or species (Chalk-Wilayto
et al. 2016; Johnson and Bock 2004; Liu et al. 2016; Robl 2008). For example, Mallot et al. (2016)
found that juvenile white-faced capuchins consumed different types of invertebrates compared to
adults, focusing their foraging efforts on more easily acquired types of prey. Similarly, Taniguchi
et al. (2015) found that infant Japanese macaques spent more time feeding on foods that were
small, at a low position on the plant/tree, or that could be consumed without processing. These
findings both indicate that infants and juveniles adopt unique nutritional strategies that enable them
to extract sufficient nutrients from their environment despite the challenges of immaturity to
feeding and foraging.
1.3
1.3.1

COPING WITH CONSTRAINTS
Ontogenetic challenges of homogeneous or constrained diets
The challenge of meeting nutritional needs as an immature individual is heightened by the

fact that shifts in size, growth rates, and developmental stage can dramatically and rapidly change
nutritional needs and priorities (Browne 1995). This is an interesting framework to consider in
species that subsist primarily on a leafy fibrous diet, as their ability to adapt diet to accommodate

15

for differential nutritional requirements may be more limited than in individuals able to consume
a wide complement of food items with distinct nutritional profiles. Leafy diets, in this context,
refer primarily to diets high in fiber: complex carbohydrates which resist enzymatic digestion in
the mammalian digestive tract (Lupton and Trumbo 2006; Williams et al. 2017).
Leafy diets are typically considered low-quality as they are less energy dense (on average)
than diets high in ripe fruit, which tend to be higher in easily digestible simple carbohydrates.
While vegetation dominated diets (high in leaves or herbaceous vegetation) may be less
contestable (but see: Snaith and Chapman 2007) and more seasonally consistent than frugivorous
diets (particularly ripe fruit frugivory), these same diets are challenging due to their mechanical
demands (in breaking down complex polysaccharide leaf structures), both pre-ingestively (in
shearing/chewing) and post-ingestively (in fermenting or otherwise capturing nutrients from
indigestible fiber structures). Additionally, low-quality diets can include foods high in plant
secondary metabolites: phenolic compounds that may be toxic or inhibit digestibility of specific
nutrients (Chapman and Chapman 2005; Dearing et al. 2005; Foley and Moore 2005; Glander
1982; Steinberg 1988; Wrangham et al. 1998). Mechanical, physiological, and behavioral
strategies to facilitate the absorption and availability of nutrients are required to support the
habitual consumption of low-quality diet (Lambert and Rothman 2015).
The difficulty of digesting fibrous, low-quality food resources is a limiting factor for many
juvenile herbivores, particularly large-bodied herbivores. Lack of available high-quality food is
often a proximate cause of juvenile mortality (Gaillard et al. 1998; Owen-Smith 1990; Saether
1997). For example, a 40-year study of wildebeest (Connochaetes taurinus) in the Serengeti found
that the highest cause of calf and yearling mortality was undernutrition (as demonstrated by poor
body condition) (Mduma et al. 1999). A potential mechanism behind these observations has been

16

examined in red kangaroos (Macropus rufus), where immature individuals failed to sustain growth
on a low-quality (high fiber/NDF) forage suitable for adults due to significantly lower apparent
digestibility, longer retention time, reduced maximal gut fill volume, and proportionally higher
energy requirements (Munn and Dawson 2006).
Ontogenetic variability in diet to compensate for difficult to process adult diets is also
observed across herbivorous mammals. Despite relying on only two major food types (heather and
grasses), juvenile mountain hares consumed foods in different proportions from adult individuals,
selecting for lower concentrations of plant phenolics in their overall diet (Iason and Waterman
1988). Likewise, in the Colombian ground squirrel (Spermophilus columbianus), juveniles with
greater access to protein-rich forbs in place of fibrous, less digestible grasses showed enhanced
survival and growth, indicating that dietary digestibility exerts high selective pressures on juvenile
development (Bennet 1999).
In primates, folivorous species that rely on diets high in fibrous, leafy or herbaceous
materials exemplify the challenges of low-quality nutritional environments. Strategies to
overcome the constraints of low-quality diets in primates include physiological, behavioral, and
microbial adaptations to extract nutrients from indigestible compounds (Barelli et al. 2015;
Lambert 1998; McCord et al. 2014) and to post-ingestively regulate nutrient uptake (Clissold et
al. 2010). In the current scholarship, many researchers posit that due to the unique constraints
presented by a high fiber diet, weaning patterns and early feeding in folivorous primates are more
strongly affected by both food availability and by gut development (Borries et al. 2014; Langer
2008; Lee 1996).
Langer (2008) hypothesized that the prolonged mixed-feeding period (defined as the
transitory period during weaning wherein both maternal milk and solid foods are consumed)

17

observed in folivorous primates (e.g. the black and white colobus) is the result of limitations in the
breakdown of plant matter by an immature gut microbiome. In support of this theory, RaguetSchofield (2010) found that in folivorous howler monkey, infants and juveniles increased suckling
time during months when easily digestible foods were unavailable, perhaps allowing time to
accommodate a more mature microbiome. This strategy may buffer against energetic shortfalls
before the acquisition of adult digestive capabilities.
1.3.2

The microbiome as a nutritional strategy

The mammalian gut microbiome is a dynamic system of several hundred unique strains of
bacteria, which play a critical role the breakdown of difficult to digest dietary compounds (Gerber
2014) and metabolism of food xenobiotics (Bjorkholm et al. 2009). Given that mammals lack the
enzymes required to hydrolyze complex structural carbohydrates (Flint et al. 2008), the presence
of a symbiotic gastrointestinal microbiome with fermentative capacity enables the breakdown of
otherwise indigestible fibers into short chain fatty acids (SFCAs) (Douglas 2018). SCFAs then
impact nutritional status in two ways: as a primary nutrient source through absorption across the
colonic luminal membrane (Ritzhaupt et al. 1998; Borthakur et al. 2008), and by increasing
nutrient availability globally through the stimulation of gut-associated peptides which maximize
energy harvest and assimilation of simple sugars (Erejuwa et al. 2014). Additionally, the gut
microbiome plays a critical role in the metabolism and detoxification of harmful plant secondary
metabolites, both through the direct degradation of toxic phenolic compounds (Kohl et al. 2014)
and through the upregulation of genes associated with xenobiotic metabolism in the liver
(Bjorkholm et al. 2009; Maurice et al. 2013).
Due to their role in processing difficult-to-digest diets, the microbiome is especially important
for mammals that rely heavily on high-fiber foods (Steinle et al. 2013; Tasse et al. 2010; Zhao et
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al. 2015; Zhu et al. 2011). In terms of development, the habitual consumption of complex
polysaccharides and structural carbohydrate compounds has been shown to shape the immature
gastrointestinal microbiome across mammals (Dogs, Guard et al. 2017; Pigs, Chen et al. 2017,
Frese et al. 2015, Konstantinov et al. 2004, Pajarillo et al. 2014, Su et al. 2008, Tilocca et al. 2017;
Mice, Schloss et al. 2012; Horses, Jacquay 2017, Mach et al. 2017; Cows; Jiao et al. 2017.). In
primates, captive macaques removed from their mothers (abruptly weaned) undergo significant
shifts in their microbiome composition following separation, and demonstrate an increase in
fibrolytic taxa as they begin to consume an adult diet (Amaral et al. 2017). Likewise, in captive
lemurs, each phase of nutritional development is associated with distinct microbial assemblages
(McKenney et al. 2015). In humans, multiple papers have characterized the succession of bacterial
taxa from birth to the introduction of solid food (Edwards 2017, Koenig et al. 2011, Soverini et al.
2016, Voreades et al. 2015, Wampach et al. 2017).
At the time of weaning, immature mammals usually lack the capacity to break down and
ferment complex polysaccharides, and fermentative capacity only improves after the cessation of
milk intake (Edwards 2017; Scheiwiller et al. 2006). Prior to the establishment of a fully mature
microbiome, it has been shown in domestic animals and in humans that the consumption of
difficult food resources can cause gastrointestinal distress and reduced absorption of nutrients
(Chai et al. 2017; Chen et al. 2017; Meale et al. 2017; Wegh et al. 2017). Even after nutritional
independence is reached, continued developmental changes to the diet (as individuals progress to
a fully adult diet) are associated with major turnover and shifts in the composition of the
gastrointestinal microbiome (Tang 2017; Yatsunenko et al. 2012).
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1.4

DISSERTATION GOALS AND STUDY SPECIES

1.4.1

Dissertation goals

The purpose of this dissertation is to advance our understanding of the relationship between
life history, nutrition, and the microbiome as a nutritional strategy/adaptation, through:
a) characterization of the nutritional characteristics associated with the diets of immature
mountain gorillas, and assessment of the role of nutrient intake, composition, and balance
in early life history;
b) characterization of the gastrointestinal microbiome in immature mountain gorillas,
highlighting the role of specific microbial taxa as they relate to important stages of
nutritional development;
c) evaluation of the relationship between diet, metabolomics, and the gastrointestinal
microbiome, to understand potential nutrient-derived metabolite profiles, microbe-diet
interactions, contributions to nutritional status and implications for nutritional strategies.
This investigation specifically considers the gut metabolic environment of wild, immature nonhuman primates to shed light on how immature individuals process a lower-quality constrained,
folivorous adult diet.
1.4.2

Selection of mountain gorillas as study species
I examine the relationship between early life nutrition, life history, and nutritional

strategies in the mountain gorilla, Gorilla beringei, because they occupy a unique nutritional niche
at an extreme end of the diet-life history pendulum among hominoids; they live at high altitudes
and exploit fruit-poor habitats with limited availability of energy-dense food sources, instead
primarily consuming terrestrial herbaceous vegetation (Ganas et al. 2004; Harcourt and Stewart
2007; McNeilage et al. 2001; Nkurunungi et al. 2004; Rothman et al. 2007; Yamagiwa and

20

Mwanza 1994). Rothman et al. (2008) demonstrated that juvenile mountain gorillas consume a
distinct nutrient profile compared to adult individuals, including higher macronutrient intake
(Rothman et al. 2008). Rothman et al. (2011) also established that adult gorillas consume nutrients
in a ratio of 3:1 in terms of protein to non-protein energy, and that nutritional intake targets shift
seasonally to prioritize the consumption of sufficient non-protein energy irrespective of relative
overconsumption of protein.
The diet of mountain gorillas has already been shown to drive significant variation in their
bacterial communities when compared to their western lowland counterparts (Gomez et al. 2015).
This suggests specific microbial adaptations to digest fiber in environments with low seasonal
fluctuation but low dietary diversity and relatively low fruit abundance. Mountain gorillas have a
greater capacity for microbial fermentation compared to more frugivorous primates (including
great apes), and gain a higher percentage of their energy through volatile fatty acid (VFA)
absorption (Stevens and Hume 1998). This has important implications for early development and
weaning ages in mountain gorillas, as it implies that a well-established gut microbiome is critical
in order to consume an adult diet.
In general, gorillas are slow-growing, long lived species (Doran and McNeilage 1998;
Watts 1998), with strong patterns of bimaturism (Leigh and Shea 1995). Weaning age among
gorillas is variable, but typically occurs between 3 and 5 years old (Eckhardt et al. 2016). This
leaves a prolonged period of juvenility between weaning and sexual maturity, which is reached
between 8-10 years for females and 13-15 years for males (Leigh and Shea 1995). Size sexual
dimorphism among gorillas is driven by early growth cessation and earlier maturity in females,
and continued acceleration of growth among males (Taylor 1999).
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When contrasted with western lowland gorillas, the life histories of mountain gorillas are
characterized by earlier weaning time, earlier age at first birth, and shorter interbirth intervals
(Breuer et al. 2009; Stoinski et al. 2013). This accelerated life history strategy has been attributed
to their ecological environment and their more folivorous diet (Stoinski et al. 2013). The limited,
homogenous nature of the mountain gorilla diet has been suggested as a driver of life history
differences among the genus. Indeed, this limited diet is evident in their microbiome and
metabolome, which demonstrate greater redundancy compared to those of western lowland
gorillas (Gomez et al. 2016). Even within mountain gorillas, there is variability in weaning age
both between and across social groups, suggesting a potential role of nutritional intake in
contributing to this variability (Eckhardt et al. 2016). This emphasizes the importance of
identifying the nutritional underpinnings of life history patterns in mountain gorillas (Eckardt et
al. 2016).
Presently, one study has qualified the weaning diet of mountain gorillas (Watts 1985), and
an additional two have addressed the weaning diet of the more frugivorous Western lowland gorilla
(Nowell and Fletcher 2007; Nowell and Fletcher 2008). No study to date has considered the
concomitant nutritional composition of these diets. While at surface level, the homogeneity of the
mountain gorilla diet suggests overlap between adult and immature nutritional intake, it has been
shown in one group of gorillas that juvenile mountain gorillas exhibit a distinct pattern of nutrient
consumption (Rothman et al. 2008). This supports other findings that individuals consuming
overlapping or similar foods can still vary widely in the nutritional composition of their overall
diet. This may be due to differences in quantity, foraging efficiency, and combination of foods
consumed (Ventura-Coredero et al. 2017), or in the ability to extract nutrients from food items (i.e.
reduced capacity to digest fiber in juvenile versus adult orangutans, Knott and DeLong 2017).
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The nutrient composition of overall diet is especially relevant when considering individuals
across development, where age, body size, growth demands, and reproductive status can
dramatically alter nutritional requirements (Barrett et al. 2009; Browne 1995; Godfrey et al. 2004;
Leigh 1994; Lou et al. 2015; Machovsky-Capuska et al. 2016; Simpson and Raubenheimer 2012).
In this respect, mountain gorillas are an ideal study species to understand how individuals are able
to meet age/stage-dependent nutritional intake targets in a constrained environment where altering
their diet may not be possible.
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2

CHAPTER 2: NUTRITIONAL COMPOSITION OF THE WEANING DIET AND
IMPLICATIONS FOR DIETARY DEVELOPMENT IN MOUNTAIN GORILLAS,
GORILLA BERINGEI

2.1

INTRODUCTION

2.1.1

The importance of early diet
The ontogeny of feeding and foraging behaviors is a topic that has been previously

explored in non-human primates, particularly as it pertains to cognition, development, and the
implications for life history trajectory. Immature individuals, of any mammalian species, are
uniquely vulnerable in being caught ‘in between’ more established, stable states in terms of the
acquisition of appropriate energetic and nutritional resources (Pereira and Fairbanks 2003). As
infants, individuals are able to meet their nutritional needs entirely through a single, reliable food
source (mother’s milk). This food source is thought to be nutritionally optimized to support ageand sex-specific needs for the infant (Hinde and Milligan 2011; Lee 1996), and tightly buffered
against perturbation regardless of the mother’s nutritional status (Cancelliere et al. 2017;
Raubenheimer et al. 2015). Given the high cost of provisioning milk to offspring, at a certain point
the infant’s growing energetic and nutritional needs eclipse what the mother is able to provide
(Langer 2003; Lee 2001). The requirement for supplemental dietary intake extends beyond caloric
need; it is also important to consider the infant’s specific macro- and micro- nutritional needs (i.e.
specific requirements for protein, fat, nonstructural carbohydrates, and minerals) (Power et al.
2017).
At this point in development, the immature individual begins to transition from a milkexclusive diet to the habitual consumption of solid foods. This transitional life history stage, the
weaning stage, has significant implications for the patterning of growth and development as well
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as for adult phenotypic outcome (Borries et al. 2014; Langer 2008; Lee 1996). The consequences
of nutritional deficiencies during this developmental window can include cognitive deficits
(Berrocal-Zaragoza et al. 2014), compromised reproductive fitness (Reifer et al. 2018), metabolic
syndrome (Criscuolo et al. 2008), and shortened lifespan (Metcalfe and Monaghan 2001).
The weaning stage ends once an individual is completely nutritionally independent from
the mother. However, post-weaning immature individuals still must contend with high energetic
demands to support growth and development (Emery Thompson 2017), and as such are highly
vulnerable to the consequences of nutritional deficits (NRC 2003; Pereira 1993; Whitten and
Turner 2009). Juvenile individuals – immature individuals who are fully weaned but not yet
reproductively mature (Pereira and Fairbanks 2003) – face two discrete but related challenges in
meeting their nutritional requirements: Firstly, the acquisition of adult dietary competency is
limited by the maturation of mechanical, biophysiological, and behavioral/cognitive systems that
enable effective foraging. This includes craniofacial development (Dechow and Carlson 1990),
size and capacity of the digestive tract (Remis and Dierenfeld 2004), detoxification pathways
(Elbarbry and Alcorn 2009), and foraging competency (Corp and Byrne 2002). Secondly, the
smaller body size of immature individuals inherently requires more energy per unit mass compared
to their larger, adult counterparts, and energetic needs are further amplified by the metabolic
requirements of growth and development (NRC 2003).
2.1.2

Developmental constraints and nutritional implications
Faced with both reduced abilities to process nutrients and increased nutritional demands,

immature individuals must find alternative strategies to meet their metabolic requirements in spite
of their underdeveloped suite of dietary adaptations and strategies, or risk severe fitness
consequences (Metcalfe and Monaghan 2001). This leads immature individuals demonstrate
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unique, transient adaptations that assist in dietary processing prior to maturity. These adaptations
assist immature individuals in capturing nutrients from ingested foods, and as such, often have
implications for the immature diet and its associated nutritional profiles. This creates a point of
distinction between the immature and adult diet, as dietary ontogenesis reflects the exploitation of
developmental biophysiological strategies.
In mammals, one such developmental strategy occurs in digestive and transporter functions
within the intestine, which are profoundly altered from the infant state to support the habitual
consumption of solid foods (Boudry et al. 2004; Wijtten et al. 2011). Before maturation, the small
intestine has a significantly reduced capacity for nutritional absorption, as well as a decreased total
capacity (due to smaller intestinal mass) (Pacha 2000). Thus, immature individuals are limited in
both the volume of food they can ingest, and in their capacity for nutritional absorption once food
is ingested. To compensate for this limitation, colonic absorption of carbohydrates and amino acids
is increased in weanling mammals, allowing individuals to salvage nutrients that are unabsorbed
by their small intestine and which cannot be processed through the gut’s underdeveloped
fermentative capabilities (Pacha 2000). This digestive constraint and associated developmental
strategy necessitates a specific nutrient and dietary profile (e.g. increased intake of non-structural
carbohydrates to capitalize on transient colonic absorption, which in turn may favor a diet higher
in fruits).
Beyond macronutrient absorption, another biological limitation in immaturity is the ability
to mitigate the energy cost of consuming plant secondary compounds. Plant secondary compounds
refer to phenolic compounds used by plants as chemical defenses against herbivory (Glander 1982;
Hansen et al. 2016; Iason 2005). These compounds can act as metabolic disruptors, or inhibit
digestibility of specific nutrients (Illius and Jessop 1995). The effect of metabolism disrupting
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secondary compounds is often mitigated through ‘detoxification’ pathways, which endogenously
convert xenobiotic compounds to neutralize their effects or facilitate their excretion as quickly as
possible (Foley and McArthur 1994). However, these many of these pathways are not fully
developed in immature individuals, such that immature individuals may be more susceptible to
metabolic disruption from secondary compounds (Ginsberg et al. 2004) (see Chapter 4 for further
discussion on processing of secondary compounds and resulting metabolite products).
Developmental diets driven by biophysiological constraints are commonly observed in
reptiles and fish, where the difference between early life diet and mature diet can be as extreme as
complete shifts in feeding type (i.e. ontogenetic carnivory) (Blanco et al. 2016; Karameta et al.
2017; Pilati and Vanni 2007). These developmental diets are critical to growth and development.
In freshwater turtles, for example, immature individuals fed the adult diet of duckweed (a high
fiber, difficult-to-digest plant food) grew 3.2 times slower than immature individuals fed their
natural juvenile diet of freshwater grass shrimp (Bouchard and Bjorndal 2005). The inability of
immature individuals to subsist on the adult diet prior to maturation is attributed to their small gut
capacity, which limits the amount of herbivorous material that can be consumed, and the long
fermentation times required for efficient extraction of nutritional resources (Bouchard and
Bjorndal 2005).
2.1.3

Behavioral constraints and foraging implications
Among social animals with complex foraging patterns, immature individuals must also

accommodate feeding competition with more experienced members of their social group when
selecting their diet. Juveniles without fully developed foraging or feeding competency must
compete for access to food resources against competent adults, which may compromise their
ability to acquire sufficient resources to meet their metabolic requirements (Janson and van Schaik
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1993). To mitigate this risk, immature individuals in these cases may compensate through
alternative foraging strategies, such as focusing their foraging efforts on easier to acquire or less
valued food items. This can be seen in social marine mammals, where immature individuals utilize
distinct spatiotemporal feeding niches to avoid competition for prey (Field et al. 2005), or seek
smaller, lower-value prey items compared to prey items sought by larger-bodied individuals
(Jeglinksi et al. 2012). Niche separation is also an ontogenetic dietary strategy employed by bats,
where immature individuals rely on smaller prey items less often consumed by adult individuals
(Rolseth et al. 1994). In both examples, juveniles demonstrate unique stage-specific foraging
strategies that facilitate resource acquisition and mitigate starvation risk without incurring
additional energetic costs associated with feeding competition and low prey-capture rates.
2.2

Juvenile foraging strategies in primates
Immature primates face both the biophysiological and behavioral challenges described

above when navigating their nutritional environment. In keeping with other vertebrates, immature
primates employ various ontogenetic strategies to compensate for their immaturity and
inexperience. Dietary patterns or foraging strategies unique to development stages have been
observed in many primate species (Chimpanzees - Bray et al. 2018, Corp and Byrne 2002; Cottontop tamarins - Humle and Snowdon 2008; Howler monkeys - Raguet-Schofield 2010; Western
lowland gorillas - Nowell and Fletcher 2008; Mountain gorillas - Watts 1985; Eulemur fulvus Tarnaud 2004; Hanuman langurs - Rajpurohit and Mohnot 1990; Phayre’s leaf monkey - OssiLupo 2014; Ring-tail lemurs - O’Mara and Hickey 2014; Orangutans - Jaeggi et al. 2010, Smith et
al. 2017; Brown capuchins - Gunst et al. 2008; Squirrel monkeys - Boinski and Fragaszy 1989;
Yellow baboon - Altmann 1991; Chacma baboon - Johnson and Bock 2004; Japanese macaque Hanya 2003; Rhesus macaque - Dechow and Carlson 1990; Vervet monkeys - Hauser 1993). Many
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of these studies examining feeding development find distinctions between the diets of immature
individuals and their adult counterparts, particularly surrounding the consumption of foods that
require complex manual processing. The majority of these studies confirm that immature
individuals are less efficient foragers than their adult counterparts with respect to three ontogenetic
strategies: diet shifting, compensatory foraging, or prolonged mixed-feeding.
2.2.1

Diet shifting
Diet shifting refers to instances where immature individuals consume distinct diets, either

through the inclusion of food items not consumed by adults, exclusion of adult food items, or
differential proportional usage of food items relative to adult diet composition. In Eulemur fulvus,
for example, post-weaning immatures consume high-protein flowers to compensate for the
reduced protein available to them from mother’s milk (Tarnaud 2004). Similarly, in snub-nosed
monkeys, juveniles consume greater proportions of high-protein fruits, seeds, and flower buds than
adults (Liu et al. 2016).
Diet shifting can also be used to minimize the impact of foraging inefficiency or
competition for high-value preferred food resources. In Japanese macaques, immature individuals
are more likely to consume foods that are smaller, found at lower positions in trees or shrubs, and
that can be consumed without manual processing (Taniguchi 2015). Likewise, in brown capuchins,
juvenile individuals concentrate their foraging efforts on different invertebrate taxa than adults,
consuming a greater proportion of Lepidoptera and Hymenoptera than adults in their social groups
(Mallott et al. 2017). The differences in juvenile insect selection were not associated with
invertebrate abundance, and instead likely reflect an alternative foraging strategy by juveniles to
compensate for their relative inexperience and lower effectiveness in acquiring the more difficult
invertebrates consumed by adults, such as Gryllidae and Cercopidae (Mallot et al. 2016).
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2.2.2

Compensatory foraging
The low effectiveness of juvenile individuals in acquiring difficult prey type can also

invoke another dietary strategy employed by immature primates, compensatory foraging.
Depending on the complexity of the foraging task, juvenile individuals can be significantly slower
at foraging and feeding on difficult-to-acquire food resources (Eadie 2015). To compensate for
this disadvantage, individuals may either increase their overall foraging effort, feed for longer
periods of time, or spatiotemporally shift their foraging efforts to minimize direct competition with
experienced adults. Compensation for decreased proficiency through increased foraging effort and
increased food intake appears to one of the primary mechanisms by which immature primates meet
metabolic requirements in light of their inexperience, mechanical or physiological limitations in
food processing, and reduced digestive capacity; it has been observed in Chacma baboons
(Johnson and Bock 2004), Japanese macaques (Hanya 2003), Phayre’s leaf monkeys (Ossi-Lupo
2015), chimpanzees (Corp and Byrne 2002), Tana river mangabeys (Kivai 2018), and capuchins
(Gunst et al. 2008).
Compensatory foraging among juveniles may also assist in buffering against the added cost
of immature-type behaviors on overall activity budget. Immature individuals are more likely to
spend a greater proportion of their daily activity budget engaged in active play behaviors (Stone
2008), which may be more energetically costly than the behaviors engaged in by adults during
non-feeding periods (i.e., grooming, resting, vigilance). Among primates, play behaviors are
sensitive to nutritional intake, supporting the idea that juvenile activity budgets present distinct
energetic challenges from those of adults (Barrett et al. 1992).
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2.2.3

Mixed-feeding
Lastly, primates are unique among mammals in the length of their weaning stage, with

some individuals concurrently consuming solid foods and mother’s milk for multiple years (Lee
1996). This period of continued milk intake after the instigation of the weaning process (first intake
of solid food) is referred to as the ‘mixed-feeding’ period, and is variable both among primate
species and among environmental contexts, particularly in response to food scarcity or seasonality
(Langer 2008; Raguet-Schofield 2010; Smith et al. 2017). While little data exist to quantify the
extent of milk nutrient contribution during the mixed-feeding period, theorists have suggested that
facultative nursing may be leveraged as a potential ontogenetic strategy to mitigate starvation risk
(Langer 2008).
Continued intake of mother’s milk following the onset of regular solid food consumption
may allow immature individuals to meet their metabolic requirements in instances where they are
unable to survive on solid foods alone due to the aforementioned feeding and foraging constraints
of immaturity. Evidence to support this has been noted in great apes and in folivorous monkeys,
who face severe constraints in independent feeding due to seasonal food shortages and
underdeveloped digestive systems. In folivorous howler monkeys, who rely on fully developed
hindgut fermentative capacity to consume high-fiber diets, infants increase their time spent nursing
in response to periods of fruit scarcity (Raguet-Schofield 2010). In orangutans, prolonged mixedfeeding has been documented through cyclical weaning patterns, wherein milk consumption and
solid food consumption fluctuate as a function of ripe fruit availability (Smith et al. 2017).
Similarly, in cross-site comparisons, orangutans in environments where the adult diet involves
higher degrees of complex manual processing demonstrate longer mixed feeding periods and later
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ages at weaning, suggesting a continued nutritional reliance on milk to compensate for foraging
inexperience (Schuppli et al. 2016).
2.3

Study goals
Despite the fact that primates are known to undergo dietary shifts throughout development,

less is known about the concomitant nutritional composition of early diets. Dietary ontogenesis
refers to life-history mediated changes in the overall diet consumed by an individual, most notably
during early development from birth to reproductive maturity (Sanchez-Hernandez et al. 2018).
As such, studies of dietary ontogenesis often consider how the immature diet differs from the
mature diet within a species, and potential underlying drivers of these developmental shifts.
Understanding the nutritional implications of dietary ontogenesis is key in understanding the
underlying developmental feeding strategies, as well as the degree to which these strategies
influence life history patterning and immature growth and development. The role of nutrition in
dietary ontogenesis is especially important in specialist feeders, as they are ecologically
constrained in their ability to exploit different food resources as a strategy, and may be limited by
digestive physiology in their ability to meet their metabolic needs through increased intake (i.e.
reduced capacity to digest fiber in juvenile versus adult orangutans, Knott and DeLong 2017).
Given that the majority of primate juvenile feeding strategies involve shifting diet
categories or altering intake patterns, immaturity presents yet another challenge in species where
the dietary landscape is homogeneous or nutritionally constrained. Where dietary diversity is low,
immature individuals may be less able to compensate for underdeveloped systems, but biologically
incapable of relying entirely on adult diets. This especially apparent among primates when
considering folivores. While folivores are not typically considered resource-limited given that their
food resources are spatially and temporally abundant, the habitual consumption of leafy material
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requires a suite of mechanical, physiological, and behavioral adaptations, most of which develop
slowly after birth. These adaptations include fully developed dentition capable of shearing fibrous
material (Kay 1975), a complex gastrointestinal microbiome capable of extensive fermentation
(Milton 1983), a fully developed intestinal tract with sufficient mass/capacity to extract nutrients
from a large volume of low-quality digesta (Milton 1981), and the ability to detoxify plant
secondary metabolites (Lambert 1998).
As a result of these limitations, periods of digestible food scarcity can pose as a significant
risk for immature folivores. In baboons who rely on grass in their diets (Papio ursinus), immature
individuals seasonally consume large amounts of shoot bases, which do not require high levels of
processing (compared to monocotyledon bases, which are consumed by adults) (Byrne et al. 1993).
However, when these easier-to-process foods are unavailable, immature food yield is lower than
that of mature individuals (Byrne et al. 1993), which may place immatures at risk of starvation or
compromise their development. Similar reduced food yield during preferred food scarcity has been
observed to have significant consequences for immature individuals in other folivorous primates:
in Colobus vellerosus, infants who weaned during periods of low food availability were more
likely to die than infants weaned during periods of high food availability (Rissling 2018),
indicating the importance of appropriate compensatory foods during development.
This study aimed to elucidate the nutritional pressures and challenges faced by immature
individuals from the onset of weaning to the attainment of adult dietary competence, as well as the
nutritional strategies employed by specialist feeders during the mixed-feeding transition and in
post-weaning juvenility. Specifically, this study investigated dietary and nutritional development
in mountain gorillas at Bwindi Impenetrable National Park in Uganda. Specifically, I characterized
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the diet and concomitant nutritional composition for immature individuals ranging from lactational
to post-weaning to assess the following hypotheses:
1. Immature mountain gorillas face foraging and feeding constraints associated with their
relatively homogeneous nutritional landscape. Specifically:
1.1. Foraging efficiency: Infants and juveniles are less efficient foragers of all food types (as
measured by wet weight yield per minute feeding)
1.2. Diet breadth: Immature individuals will demonstrate a larger dietary breadth (as
measured by number of food items consumed in their overall diet)
1.3. Diet digestibility: Immature individuals will demonstrate reduced capacity for digestion
of fiber
1.4. Foraging effort: Immature individuals expend greater foraging effort to meet their
nutritional needs (as measured by amount of daily time spent engaged in foraging and
feeding behaviors)
2. Infant and juvenile mountain gorillas will each demonstrate unique patterns of nutrient intake
and dietary composition, suggesting age- and stage-specific requirements/constraints,
specifically:
2.1. Intake patterns: Relative to adults, infants will consume diets lower in indigestible
compounds, including partially-digestible fibers (hemicellulose), due to their constrained
ability to break down fiber. Juveniles will consume diets higher in metabolizable energy
to support growth and development, relative to adults.
2.2. Dietary distinctiveness: Infants, juveniles, and adults will consume distinct diets in terms
of reliance on a distinct set of food items, differential foraging effort (amount of time
spent) and contribution to overall diet (relative contribution to daily energy intake)
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2.3. Nutritional distinctiveness: Infants, juveniles, and adults will each demonstrate distinct
realized nutritional niches within the fundamental niche or available options within the
Gorilla beringei nutritional landscape, suggesting dietary self-selection to specific
nutrient intake.
2.4. Nutrient balancing: Infants will self-select diets with high non-protein energy relative to
protein intake, to buffer against energy deficits and maintain age-appropriate nutrient
targets during the weaning transition.
3. Immature mountain gorillas will compensate for their feeding and foraging constraints (relative
to the strategies employed by mature individuals) through alternative feeding and foraging
strategies:
3.1. Compensatory feeding: Juvenile (weaned) individuals will engage in compensatory
feeding (feeding more frequently, and higher foraging effort) relative to adults.
3.2. Diet shifting: Both juvenile and infant individuals will dedicate greater foraging effort
towards more digestible food resources relative to adults, particularly during periods of
high fruit intake.
3.3. Mixed-feeding: Infant milk intake will vary in relation to the availability of digestible
food resources.
2.4
2.4.1

METHODS
Study site and subjects
Bwindi Impenetrable National Park (BINP), in southwestern Uganda, is a small (331km2)

national park running between 0º53’ and 1º08’S 29º35’ and 29º50’E. BINP’s landscape is
composed of rugged mountainous rainforests, and is characterized by both medium altitude and
montane habitats. The large amount of microscale variation in vegetation in the park is due to the
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high amount of variation in altitude within the park (Nkurunungi et al. 2004). There are presently
11 groups of mountain gorilla (Gorilla beringei beringei) habituated within BINP. These groups
range in size from 5-22 individuals. This study focuses on three of the eleven groups, Mubare
group (M), Rushegura group (R), and Habinyanja group (H). As of August 2017, these three
groups contain 6, 5, and 4 infants respectively (15 total) and 0, 5, and 3 juvenile individuals (8
total) (Table 1). These 23 immatures were monitored on a rotating basis, through four hour follows
of each individual within each site. Additionally, nutritional data was collected from the mothers
of infants (15 individuals total), to act as an adult diet comparative point and to consider maternalinfant co-feeding and feeding dynamics.
Table 2-1 - Demographic information for focal immature individuals. Infant gorillas are not
given their own unique identifier names until after their first year. Prior to this point, infants are
identified by their mother's names.
Age
group
Infant

Juvenile

Name
Rutwe
Rutemba
Kikombe’s infant
Mitunu’s infant
Karungi’s infant
Kisho’s infant
Rushokye
Munyana’s infant
Barekye
Buzinza’s infant
Kankwehe
Kajura
Rukundo’s infant
Luka
Nyampakya
Kabunga
Kanyindo
Kamara
Ndreema
Karambezi
Bisamuyu

Age at the time of
project start (August
2017)
1 year old
2 years old
8 months old
Newborn
9 months old
6 months old
1 year old
6 months old
1 year old
Newborn
2 years old
3 years old
1 year old
1 year old
4 years old
6 years old
8 years old
8 years old
7 years old
8 years old
6 years old

Sex
(M=12,
F=11)
Male
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female
Female
Male
Female
Female
Male
Female
Male
Female
Male
Female

Social
Group
M
M
M
M
M
M
R
R
R
R
R
H
H
H
H
R
R
R
R
R
H

Number
of Focals
collected
6
6
2
6
4
3
10
3
12
3
13
1
3
2
2
10
7
6
2
4
3
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Nyanjura
Munjinya

2.4.2

5 years old
5 years old

Female
Male

H
H

3
1

Delineation of age categories
Age class was considered through two functional layers. Firstly ‘immature’ individuals are

characterized as individuals who have not yet reached the onset of bimaturation (wherein growth
tapers in females) (Leigh and Shea 1995). In a population of Gorilla beringei at Volcanoes
National Park in Rwanda, bimaturation was found to begin at 8 years of age (Galbany et al. 2017),
so I will consider ‘immature’ to include individuals from birth to 8 years of age.
Secondly, ‘immature’ is subcategorized as two distinct age classes – ‘infant’, and
‘juvenile’. These categories are based on the complete cessation of milk intake. Studies of life
history trajectory in Gorilla beringei have noted high variability in weaned age, with a spread of
28 months and a bimodal distribution (Eckhardt 2016). Additionally, given this study’s focus on
dietary ontogenesis, and the noted relationship between milk intake and food availability (i.e.
Smith 2016), it is important that the ‘infant’ class cover the entirety of the mixed-feeding period.
This includes infrequent but persistent occurrences of milk supplementation.
As such, for the purpose of this study, I defined ‘infant’ not through a proxy of previously
published age, but rather as individuals for which at least two nursing bouts in each month of the
study period. That is to say, if nursing was not observed for two consecutive months, the individual
was considered ‘weaned’ and no longer an infant. Accordingly, ‘juveniles’ were defined as postweaning individuals who have not yet reached bimaturation, but who are completely nutritionally
independent. In this dataset, no individuals completed the weaning transition during the study
period (i.e., all individuals who were infants at the beginning of the study period were still
consuming milk to some degree at the end of the study period).
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2.4.3

Behavioral observations
Behavioral data assessed infant, juvenile, and adult female (mother) gorilla feeding

behaviors during four hour focal follows on immature individuals. Focal selection rotated among
groups, unless a group was inaccessible or unobservable (i.e. during temporary period of group
fission). Across a 12-month data collection period, at least two focal follows were collected for
each individual, with a goal of 12 (one follow per month), to allow for cross-sectional comparison
across individuals. Variation in the number of focal follows per individual was caused by an
individual being out of sight for more than 25% of the focal time, inaccessibility of the group, or
conditions that prevented data collection on scheduled days (i.e. inclement weather).
Due to restrictions placed on observation times to minimize disturbance and disease risk to
the gorillas, focal follows at BINP are limited to four hours of focal observations per day (Rothman
et al. 2008). Despite not being the preferred method of conducting nutritional studies (Rothman et
al. 2012), it has been successfully applied in previous studies to assess questions of nutritional
intake, strategies, and targets in the study population (Rothman et al. 2008; Rothman et al. 2011).
To capture quotidian variation in behaviors, the four-hour observation period rotated between 0600
and 1600.
During each focal follow, the following behaviors were recorded: nursing (defined as
nipple contact with visible infant mouth movement to suggest active milk intake), exploratory
foraging behaviors (including manual inspection, tasting/oral inspection without swallowing, and
sensory inspection such as sniffing), sampling foods (defined as the ingestion of a single unit of
food, regardless of whether the item is considered a typical ‘food’ item), foraging behavior, and
feeding behavior. During feeding, the following information was recorded: the food item being
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consumed by focal individual, the part of the food item being consumed, and the food intake as
determined by the number of food units consumed during the bout (as per Rothman et al. 2012).
2.4.4

Fruit Intake

Seasonality was considered as a function of both fruit intake and availability, and presented
as either high or low; high fruit intake months were defined as months where fruit intake exceeded
15% (annual average) of total intake across all individuals for that month (Figure 1). While fruit
availability was not measured during this study, previous studies of fruit availability at other sites
in Bwindi Impenetrable National Park have found that some amount of ripe fruit is available every
month, with the percentage of monitored fruiting trees ranging between 23 and 57% (Stanford and
Nkurunungi 2003). However, these may not be preferred fruit trees, and the ripe fruit available
may not necessarily be more nutritionally suitable than non-fruit food items available
sympatrically (Stanford and Nkurunungi 2003). Thus, fruit intake among Bwindi mountain
gorillas should be considered opportunistic, rather than seasonal, and may in any month include
preferred fruits (such as Ficus spp. or Myrianthus holstii) or less commonly consumed fruits that
happen to be available at the time.
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Figure 2-1 - Average monthly fruit intake (by wet weight, for all focal individuals)
2.4.5

Dataset
A total of 209 focal follows were collected over a 365-day period between July 2017 and

July 2018 for a total of 836 hours of observation. Follows for which focal individuals were out of
sight for >25% of the follow time were discounted, which left a total of 146 follows (75 infant
focals, 36 juvenile focals, and 35 adult focals) for inclusion in analyses (Table 2-2). Of the
considered focal follows, 87 occurred during the wet season, and 59 during the dry season. A total
of 3671 feeding bouts were observed, with an average length of 5.2 minutes. A total of 159 unique
identifiable food items were consumed during focal follows, along with 24 unidentifiable food
items.
Focal individuals were selected according to a rotating schedule, in order to ideally collect
samples evenly across individuals and age classes. However, if a scheduled individual was out of
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sight or otherwise unavailable for a focal follow during the scheduled day, another individual was
selected opportunistically from the same age (and, optimally) sex category instead. Schedule also
rotated across different social groups, although again, deviations from the schedule occurred when
specific groups were in unreachable areas of the forest. Part way during the data collection period,
M group experienced a takeover event that led to the death of several focal individuals, and the
eventual dissolution of the social group. Thus, while sampling distribution across social groups
and individuals began in a systematic rotational schedule, it was backstopped by an opportunistic
schedule due to challenges in meeting scheduled focal targets (Table 2-3).
Table 2-2 - Summary of focal follows across age categories. Grand mean values (individual
means averaged by group) presented for focal time and daily food item count.
Infants
(N=15)

Juveniles
(N=8)

Adult females
(N=15)

Total number of focals

75

36

35

Average # of focals per unique
individual (repeated measures)

6.15

5.60

3.00

Average daily focal time observed
(hours)

3.90

3.56

3.19

Proportion of focal time spent
feeding (excluding suckling)

64.8±1.72%

69.5±3.06%

56.4±3.08%

Average daily count of distinct
food items consumed

9.10

11

10.48

Table 2-3 - Summary of focal follows across social groups. Dissolution of M group in
December/January led to opportunistic focal collection, predominantly of R group due to the
distance of H group, following the event.
MONTH

M GROUP

R GROUP

H GROUP

JULY

7

6

0

AUGUST

12

8

4

SEPTEMBER

4

2

2
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OCTOBER

14

11

1

NOVEMBER

5

6

2

DECEMBER

2 (group event, 4
dissolution)
7

7

FEBRUARY

8

0

MARCH

6

1

APRIL

4

0

MAY

10

1

JUNE

7

2

JANUARY

2.4.6

3

Nutritional analyses

2.4.6.1 Plant sample collection
Ingested plants were collected following observations of consumption, if possible. If
collection following ingestion was not possible, a sample of the plant consumed was collected as
soon as possible after the observation of its consumption. After collection, plants were processed
identically to how the focal individual processed them for consumption, resulting in a ‘prepared’
food item for analysis. Food items were weighed (wet), and then dried and milled using a Wiley
Mill with 1-mm screen (Rothman et al. 2012). Dried, milled samples were shipped to the Primate
Nutritional Ecology Laboratory at Hunter College (New York) for analyses. A total of 103 unique
food items were collected over the study period. Some consumed foods could not be collected due
to inaccessibility or inability to collect a sufficiently comparable item (i.e. consumption of ripe
fruit where only accessible fruits were unripe). In instances where food items could not be
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collected, an average value based on the extensive database maintained by Hunter College’s
Primate Nutritional Ecology lab were used during calculations/analysis of data.
2.4.6.2 Wet chemistry
Nutritional analyses were conducted at Hunter College’s Primate Nutritional Ecology lab.
Each unique food item was analyzed for macronutrients (lipids, crude protein, available protein,
nonstructural carbohydrates), along with fiber (hemicellulose, cellulose, and lignin) and tannins.
Digestible fiber was analyzed through neutral and acid detergent fiber (NDF and ADF), and lignin
through acid detergent lignin (ADL) protocols (Van Soest et al. 1991). Lipid content was measured
though ether extract (Rothman et al. 2012). Crude protein (CP) was measured via combustion
(Rothman et al. 2012). Following crude protein analysis, available protein was calculated through
combustion after fiber degradation, based on acid detergent insoluble nitrogen protocol (Rothman
et al. 2008). Ash (inorganic material) was measured by combustion. Total non-structural
carbohydrates were measured indirectly through subtraction from total plant mass (Rothman et al.
2012).
2.4.7

Nutritional composition of milk
The nutritional contribution of milk was estimated based on previously published values

of macronutrient composition in wild, free-ranging mountain gorilla mid-lactation milk (Whittier
et al. 2011). As there is no consensus in the literature for estimating milk intake from observed
suckling time in free-ranging primates (Borries et al. 2014), the nutritional contribution of milk
was estimated through published data on milk suckling rates in captive gorillas (Wolff 1968)
combined with average milk expression per suck (Bowen-Jones et al. 1982), to obtain a value of
0.35g (wet weight) intake per second spent suckling.
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2.4.8

Metabolizable energy and mean daily intake
Metabolizable energy was calculated through the following equation, which considers

macronutrient energy content along with energy from digestible fibers (Conklin-Brittain et al.
2006, as per Rothman et al. 2012).
ME kcal⁄100g DM= (4×%TNC)+(4×%CP)+(9×%Lipid)+(1.61×%NDF)
This equation includes a fiber digestibility coefficient which reflects a species-specific capacity
for digesting fiber and, resultingly, the amount of energy an individual is able to capture from the
consumption of fibers. For animals capable of a high degree of fiber fermentation, Conklin-Brittain
et al. (2006) estimate metabolizable energy through a fiber digestion coefficient of 0.543 (ConklinBrittain et al. 2006). To more accurately assess the metabolizable energy gained from fiber in this
population of gorillas, and across age classes, I used the following NDF digestibility equation to
tailor specific NDF coefficients by age classes, as determined by comparing the proportion of acid
detergent lignin (ADL) in the focal individual’s diet to ADL in the feces, as per Van Soest (1994).
NDF digestibility coefficient was then calculated using the following formula:
𝑁𝐷𝐹 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 "# = 100 − 9100

% 𝐴𝐷𝐿 𝑖𝑛 𝑑𝑖𝑒𝑡 %𝑁𝐷𝐹 𝑖𝑛 𝑓𝑒𝑐𝑒𝑠
×
>
%𝐴𝐷𝐿 𝑖𝑛 𝑓𝑒𝑐𝑒𝑠
%𝑁𝐷𝐹 𝑖𝑛 𝑑𝑖𝑒𝑡

Mean daily nutrient intake was estimated using the following equation, adapted from
Altmann (1998), as per Rothman et al. (2008). For a given individual (g) belonging to age class
(k):
𝑁$ =

∑$!%& &! '! (!,#
#'

(720 × 𝐴) ),

where N represents the intake of a single nutrient j (i.e. CP, TNC) by individual g. F represents the
number of units of plant part i were consumed, U the average weight of a unit of plant part i, and
Q the proportion of nutrient j present in the plant part i. M represents the number of minutes spent
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feeding by individual g. The constant 720 is an estimation of daylight minutes, and is multiplied
by Ak, the average proportion of time spent feeding, A, for the specific age class k.
2.4.9

Statistical analysis

Overall metrics of foraging and feeding behaviors were considered for each age- and sexcategory, including activity budgets, dietary breadth, dietary diversity, and intake rate. Variation
in nutritional differences between food items were tested first by establishing normality through
Shapiro-Wilke test of normality, and then through ANOVA tests with Tukey Post-Hoc tests of
pairwise difference between variables, or Kruskal-Wallis rank-sum test for non-normal
parameters. Nursing behavior as a function of nutritional intake, dietary composition, and food
availability were assessed through GLMM analysis with social group, infant sex, individual, and
age as random effects.
Nutrient intake calculated on the basis of metabolic body mass was calculated for adult
females by using weight estimates from previously published studies (Rothman et al. 2008), and
for infants and juveniles by interpolating data from a published study of growth and development
among western lowland gorillas (Leigh and Shea 1995) (no comparable data is available for
mountain gorillas).
All means presented are least-squares weighted means, accounting for fruit intake and age
group, unless specified otherwise. Total dietary breadth was established as the total number of
distinct foods observed being consumed by all members of each age class across the entirety of
the study period. Dietary dissimilarity between age classes was evaluated through non-metric
multidimensional scaling using Bray-Curtis dissimilarity, with pairwise permutation MANOVA
based on Euclidean distance matrix, in vegan and labdsv packages in R.
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2.5
2.5.1

RESULTS
Foraging efficiency
Infants are less efficient foragers of all food types, while juveniles are less efficient

foragers of leaves only. Feeding efficiency in terms of wet weight yield as a function of time
spent feeding differed between immature individuals and adults. For fruit feeding, infants
consumed an average of 1.41 grams of wet weight per minute spent feeding, whereas weaned
juveniles consumed an average of 4.37 grams of wet weight per minute feeding and adult
females consumed an average of 6.00 grams of wet weight per minute feeding (Table 3).
Table 2-4 - Least-squares weight means for feeding efficiency across age groups. Feeding
efficiency is calculated as wet weight yield in grams per minute of feeding effort. Significant
differences (p<0.05) denoted by paired superscript letters. Significant values highlighted in
green.
Age Class
Infant
Juvenile
Adult

2.5.2

Fruit
Mean
SE
1.49a
0.80
4.37
1.02
6.00a
1.64

Leaves
Mean
SE
15.48bc
2.05
40.06c
5.34
34.27b
5.38

Pith
Mean
0.37d
2.72d
1.65

SE
0.28
1.70
0.29

Bark
Mean SE
0.09 0.16
0.32 0.17
0.44 0.52

Dietary selectivity
Infants were observed to consume a greater diversity of food items compared to juveniles

and adults in terms of total dietary breadth, but not daily dietary diversity. Infants were observed
to consume 133 distinct food items, whereas juveniles were observed to consume 89 distinct
food items, and adult females consumed a total of 77 distinct food items. Species accumulation
curves indicated that reduced samples for adults and juveniles are not driving the difference in
total dietary diversity. There were no significant differences in the average number of distinct
food items consumed in the course of a single day, irrespective of season.
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While overall dietary breadth was higher in infants, the habitual consumption of specific
foods was lower. Of the 133 distinct foods consumed by infants, 76 of the food items (57% of total
dietary breadth) were consumed in less than 3% of recorded focal follows. No foods consumed by
adults and juveniles were consumed in less than 3% of focal follows. In other words, 57% of the
observed infant diet constituted ‘sampling’ or ‘trial-and-error’ feeding, compared with 0% of
juvenile and adult diets.
2.5.3

Diet digestibility

Infants consumed diets that were more digestible, suggesting dietary constraints based on
insoluble fiber, and demonstrated reduced capacity for digestion of fiber. Based on apparent
digestibility measures, infant diets were 83% more digestible than the diets of adults, and 60%
more digestible than the diets of juveniles (Table 4). This is consistent with nutritional
recommendations for primates, which indicates that infants require more digestible diets with few
indigestible compounds (NRC 2003). Juvenile diets were slightly more digestible than those of
adults, with a 26.35% difference in digestibility between the two age categories. This may indicate
preferences towards more digestible fibers, rather than fiber avoidant behaviors as may be the case
for infants.
Similarly, fecal analysis indicated that infants are less able to derive metabolizable energy from
ingested cellulose and hemi-cellulose; infants extracted 77% less energy from cellulose and hemicellulose compared to the energy extracted by adults. Once again, juveniles are intermediary in
their presentation, extracting 24% less energy from cellulose and hemi-cellulose compared to adult
levels of energy extraction (Table 4). While infant diets were more digestible due to reduced fiber
intake, fecal fiber was higher among infants, indicating that infants demonstrate reduced capacity
for fermentation and degradation of indigestible material in the hindgut.
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Table 2-5 - Diet digestibility across age classes. Apparent digestibility calculated as per van
Soest (1994).
Age Class
Infant
Juvenile
Adult

2.5.4

ADL Intake
(% DM)
10%
18%
19%

Apparent Diet
Digestibility
0.724
0.386
0.296

NDF Digestibility
Coefficient
0.11
0.34
0.46

Foraging effort
Immature individuals spend more time engaged in foraging and feeding behaviors relative

to mature individuals. Infants spent an average of 64.8±1.72% of their daily activity budget
engaged in foraging or feeding behaviors (excluding nursing/suckling behaviors), and juveniles
spent an average of 69.5±3.06% of daily activity budget engaged in foraging or feeding behaviors.
All immature individuals spent more time foraging than adults, who spent an average of
56.4±3.08% of their day engaged in foraging or feeding behaviors (F=6.501, p=0.002). There was
no pairwise difference in feeding and foraging time between infant and juvenile individuals
(p=0.375). There was no influence of fruit intake on proportion of time spent feeding for any age
group.
Time spent feeding on different food types differed among age classes (Fruit: F=3.845,
p=0.028, Leaves: F=5.334, p=0.036, Pith: F-3.481, p=0.006). This relationship varied between
seasons and specific age classes, and is likely related to fruit intake (Figure 2). Pairwise differences
were noted in infant consumption of flowers during periods of low fruit intake. However,
consumption of flowers by infants represents flowers of a single tree species, Mimulopsis solmsii;
while significant, flower consumption was limited and variable among individuals, and could
potentially be non-nutritive (these flowers produce a sticky substance that may be an appealing
tactile object for infants to manipulate or sample).

72

Figure 2-2 - Foraging effort on fruit, leaves, pith and flowers by age class. Pairwise significance
based on Tukey post-hoc test with Bonferroni correction denoted with * =(p<0.05) and **
=(p<0.01)
2.5.5

Intake patterns
Relative to adults, infants consume diets lower in indigestible compounds, including

partially-digestible fibers (NDF), while juveniles consume diets higher in metabolizable energy
Mean total daily wet weight intake was 19.546±2.102 kg for adult females 21.213±2.349kg for
juveniles, and 7.514±0.425 kg for infants. Once scaled to relative body mass, age classes differed
significantly in their daily intake (F=11.91, p<0.001) (Table 5).
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Table 2-6 - Least-squares weighted mean for daily intake across age groups. Intake is scaled per
unit metabolic body mass based on average body weight per age class for gorillas, as per Leigh
and Shea (2001). Significant differences at alpha level <0.05 denoted with paired superscript
denotations.
Age Class
Est. body mass (kg)

Infant
Juvenile
Adult

15
77
120

Intake per pound metabolic
weight (kg)
Mean
SE
0.954a
0.054
0.774b
0.085
0.509ab
0.054

Immature individuals consumed differing amounts of all nutrients except lipids relative to
adult females (NDF, F=27.02, p<0.001; ADF, F=25.16, p<0.001; ADL, F=25.32, p<0.001; crude
protein, F=10.31, p<0.001, non-structural carbohydrates, F=8.871, p<0.001) (Table 6). Despite
consuming considerably less fiber than adult females and juveniles (Figure 3), infants consumed
consistent levels of overall energy per day as adults. Post-weaning juveniles demonstrated higher
energy intake per unit metabolic mass, in addition to their higher intake of protein, and higher
intake of fiber.
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Figure 2-3 - Estimated nutrient contribution to daily diet on a dry matter basis for Bwindi gorillas
across age categories.
Table 2-7 - Estimated daily nutrient intake for Bwindi gorillas across age categories. Adult
female values presented as comparative point. Significant differences at p<0.05 for each nutrient
are denoted by paired superscript letters.

Estimated Body Mass (kg)

Infants

Juveniles

Adult Female

15

77

120

Daily nutrient intake (g dry matter per unit metabolic mass)
NDF

36.22±4.51ab

70.98±6.24ac

50.80±5.13bc

ADF

28.29±3.70de

55.22±5.16df

39.95±3.85ef

ADL

13.90±1.96hi

30.011±3.30hj

20.37±1.95ij

CP

15.40±1.35kl

29.29±2.99km

18.70±2.92lm

75

Fat

8.16±0.60

4.55±0.41

4.66±1.58

TNC

30.04±2.40n

16.04±2.17

10.48±0.98n

Daily energy intake (kcal per unit metabolic mass)
Energy

2.5.6

278.33±19.48o

339.16±30.88op

272.20±34.38p

Dietary distinctiveness
Infants consume distinct diets, driven by differential reliance on specific food items. Food

item consumption and frequency of consumption per full-day focal were used as an index of daily
diet. Infants were found to consume a distinct diet relative to adults and juveniles
(ANOSIM=0.4622, p=0.001) (Figure 4). Pairwise permutation MANOVA indicates overlap
between adult and juvenile diets (p=0.089).
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Figure 2-4 - NMDS plot showing dietary dissimilarity. Infant diet is distinct from the diets of adults
and juveniles, while juveniles also display limited distinctiveness relative to adults. Diet is
characterized as number of feeding bouts for each food item consumed during the course of a four
hour focal follow.
2.5.7

Nutritional distinctiveness
Especially since dietary dissimilarity is evident among age classes, it is important to

consider the distinctiveness of nutritional niches across age class. Nutritional niche refers to the
average proportional intake of nutrients on a daily basis, relative to the nutritional landscape
(proportional nutrition of all food items available to or consumed by the animal). Each life history
stage among wild mountain gorillas occupies a unique nutritional niche, with infants specializing
in diets higher in lipid energy relative to carbohydrates and protein, and juveniles specializing in
diets higher in protein relative to carbohydrates and lipids (Figure 5).
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Figure 2-5 - Nutritional niche, presenting grand means for balance of protein, lipids and
carbohydrates in daily diet, with 95% confidence (standard error). The grey area represents the
fundamental nutritional niche/nutritional landscape
2.5.8

Nutrient balancing
The previously observed pattern of overconsumption of protein relative to non-protein

energy during low fruit intake is maintained across all age classes. Within this broad trend,
however, gorillas demonstrate clear differences in nutrient balancing both across seasons and age
groups (Figure 6). Infants self-select a diet higher in non-protein energy (in kcal per kg
metabolic body mass) relative to protein intake (per kg metabolic body mass), relative to adult
and juvenile diets. This difference is most evident during periods of high fruit intake. The
attenuation of protein intake relative to non-protein energy during low fruit intake may be
associated to the continued utilization of milk as a source of nutrients during these periods.
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During periods of high fruit intake, juveniles and adults select similar nutritional targets,
as demonstrated by their nutrient rails. However, during periods of low fruit intake, juveniles
self-select a diet higher in non-protein energy relative to protein than do adults, suggesting that
they do not yet demonstrate the mature strategy of prioritization of non-protein energy (Rothman
et al. 2011).

Figure 2-6 - Nutrient rail plot shows balance of non-protein energy (NPE) to protein based on
daily intake. Rails demonstrate slopes for grand mean values per age group and fruit intake.
2.5.9

Diet shifting and compensatory feeding
When considering energy intake, immature individuals demonstrated differences in the

sources of their energy (Figure 7). This may be reflective of stage-specific differential foraging
and feeding competencies during periods of low fruit intake.
During periods of low fruit intake, infants derive more of their daily energy from fruits
(F=9.05, p=0.01) relative to adults and juveniles. Juveniles, meanwhile, derive more of their daily
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energy from leaves relative to adults during these periods (F=34.9, p<0.001), suggesting
compensation for low energy through increased exploitation.

Figure 2-7 - Daily energy budget, calculated as a proportion of daily energy (kcal) intake by food
type. Milk was removed from consideration for direct comparability of solid food nutrient
contribution to overall energy budget.
2.5.10 Mixed-feeding
Apart from solid food sources, infant utilization of milk as a source of energy varied
between periods of low- and high- fruit intake. Seasonal differences in food type consumption
was closely related to infant utilization of mother’s milk as an energy source. Infants dedicated
more of their overall feeding time towards nursing during periods of low fruit intake, suggesting
that solid foods and adult food items are not sufficient for meeting immature metabolic
requirements when more digestible, energy dense food sources are unavailable (Figure 8). A
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generalized linear mixed model of daily kcal energy from milk in relation to fruit intake with age
(months), individual, social group and sex as random factors indicated that milk as an energy
source is more important during periods of low fruit intake (F=3.8771, p=0.048).

Figure 2-8 - Relationship between fruit intake, daily energy intake (kcal) from milk, and age in
infant mountain gorillas
2.6
2.6.1

DISCUSSION
Diet shifting
The results of this study support the prediction that immature mountain gorillas differ from

adult individuals both in their diet and their nutrient intake patterns. While the relative
homogeneity of mountain gorilla diets may constrain immature diets, immature individuals (and
particularly infant individuals) appear to meet their age- and stage-specific metabolic requirements
through the specific use of distinct food items (i.e. flowers, milk), and through differential
consumption patterns (i.e. decreased reliance on high-fiber foods, increased reliance on fruits).
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While dietary diversity is higher in infants, much of this diversity is driven by foods
consumed infrequently, or non-food items sampled by immature individuals beginning to navigate
the solid foods around them. The high diversity but low habitual consumption of food items
demonstrated by infants may be indicative of a learning period during development, wherein there
is a high degree of ‘sampling’ behaviors (foods which are tasted, tried, or consumed a single time
to determine their suitability as a part of the core diet). Observations of sampling behaviors were
most often recorded as the consumption of the same food species, but different part, during
simultaneous consumption (co-feeding) events with their mother or a nearby non-related adult. For
example, an infant while learning to eat may sample a leaf from a tree where adult individuals only
regularly consume fruits, or consume dead plant matter from the leaf litter below the position
where adults consume live plant parts. Especially in regards to the sampling of dead plant material
or food item refuse (i.e. discarded pith material), this behavior may represent a way to familiarize
the immature individual with the plant part’s appropriateness before competency in foraging for
these plants independently. Supporting this, ‘play feeding’ or inspection of discarded or dead food
items was frequently observed during focal follows of infants. In great apes, mothers do not
typically share or give food resources to their dependent young (Nishida and Turner 1996).
Therefore, sampling or handling of discarded food items may therefore act as part of the
immature’s ability to learn appropriate diet items and foraging techniques as they progress towards
complete nutritional independence. This could be considered a type of social learning through trialand-error, and is observed in other primates as well (Visalberghi and Addessi 2003). Sampling of
non-food items by lactational and weaning individuals has been observed among chimpanzees,
and is posited to be a function of the accessibility of these items; sampling is highest when feeding
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independently from mothers, and is a function of encounter frequency rather than dietary
suitability/food preference (Matsumoto 2019).
2.6.2

Compensatory feeding
In terms of overall energetic intake, as predicted, juveniles consumed more energy per

pound metabolic body weight than either infant or adult individuals. This is consistent with
previous findings in mountain gorillas (Rothman et al. 2008). Increased energy intake in juveniles
is likely reflective of the energetic demands associated with intensive growth as they approach
maturation (Leigh and Shea 2001). It also appears as though this increased energy intake was
driven by increased consumption of leaves, and consequently, higher fiber intake than observed in
adults or infants. While initially this may seem counterintuitive to the idea that immature
individuals may be less able to process fibers due to size and biophysiological maturation,
increased frequency and volume of leave consumption may compensate for the lower energy yield
obtained by fibrous materials in juveniles. This is supported by the finding that juveniles consumed
the most leaves during periods of low fruit intake, such that increased leaf intake may be an
instantaneous response strategy to meet energetic requirements in response to decreased food
quality (Meyer et al. 2010). Alternatively, the relatively consistent consumption of fruits in the
diet of adults relative to the reduced intake of fruits by juveniles during periods of low fruit intake
could be related to competitive interactions with adult members of the group; juveniles are often
the last to eat, and male juveniles specifically may be displaced during feeding and in scramble
competition over fruits (Rothman pers. comm.).
Conversely, infants were observed to consume less fiber in their diets than adults and
juveniles, irrespective of fruit intake. While both adults and juveniles increased their fiber
consumption during periods of low fruit intake, as a consequence of increased leaf intake, infants
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instead increased their consumption of milk (irrespective of age or previous weaning progression).
The avoidance of diet switching to a leaf-heavy diet during periods of low fruit intake is likely
related to body size constraints in infants, and to the observed reduced digestibility of fiber
compared to both juveniles and adults. Given the low energy return of fiber in infants, and their
high metabolic requirements, it appears that infants are unable to utilize leaves as a buffering
resource during periods of low fruit intake. Smaller total gut capacity can be highly limiting for
immature herbivorous animals, as gut volume directly correlates to daily dry matter intake. In the
red kangaroo (Macropus rufus), for example, maximal gut fill capacity is exceeded by the volume
of low-quality (high fiber, low energy) forage that would be required to meet their metabolic needs
(Munn and Dawson 2006).
While observations of this were limited to a single species (Mimulopsis solmsii), and
observations of intake were variable between individuals, another possible alternative food
resource utilized by infants in this study was flowers. Flowers as an alternative food source by
immature primates has been noted previously (Tarnaud 2004), and is likely due to the high protein
content of flowers relative to the fiber content (i.e. flowers offer a more digestible source of
proteins than the leaves being consumed by adults during periods of low fruit intake).
2.6.3

Prolonged mixed-feeding
While milk may not traditionally be considered a ‘fallback food’, given that it is a high-

quality food resource, it may function similarly to fallback resource in the context of protracted
consumption of milk or cyclical reliance on milk during periods of preferred weaning food
scarcity. However, the high nutritive value of milk challenges whether its consumption during
periods of low fruit intake reflects a fallback resource consumed in response to preferred scarcity
(that is to say, it is unclear whether milk is the preferred food resource in these contexts). I would
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therefore suggest the observed utilization of milk resources during periods of low fruit intake be
defined with a distinct, but related, term to fallback foods. Milk intake during these periods may
be thought of as a ‘shortfall food’ (that is to say, a food to compensate for shortfalls in nutrients
from available solid foods), or a ‘buffer resource’ (that is to say, supplementary food intended to
buffer against uncertainty or inability to consume traditional fallback food resources).
Buffering nutrient intake with milk supplementation and temporary reversions to increased
nursing has been observed in specialist feeder primates who experience long periods of preferredfood scarcity (Smith 2016). It has been hypothesized that this continued reliance on milk is
indicative of a biophysiological inability to survive on the species’ ‘typical’ fallback foods – that
is to say, irrespective of preferred food status, milk is the only food available that enables infants
to meet their metabolic requirements, due to their underdeveloped nutritional adaptations (i.e.
immature microbiome) (Langer 2008).
Fallback foods refer to food resources that are selectively consumed by individuals under
specific circumstances, often during periods of preferred food scarcity (Lambert and Rothman
2015). Typically, fallback foods are defined through the timing of their consumption (i.e. during
periods of time where preferred foods are unavailable) (Hladik 1977), their attributes (i.e. foods
with lower nutritional value) (van Schaik and Brockman 2005), or their availability (i.e. foods that
are aseasonal or predictably abundant) (Lambert and Rothman 2015). While the fallback food
paradigm generally considers foods lower in nutritional quality or energy return compared to
preferred food items, in the instance of immature individuals transitioning between a milkexclusive diet and a solid food diet, it may be argued that seasonal shifts in milk consumption as
a response to seasonal scarcity of suitable solid foods fulfills many of the criteria of fallback foods.
Particularly in circumstances where the fallback foods consumed by adults are less digestible, as
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observed in this study, immature individuals may be incapable of surviving through periods of
food scarcity prior to maturation. This has been observed in other herbivores, such as muskoxen,
where infants in low body condition without access to milk are significantly more likely to die
during periods of preferred food scarcity (Munn and Barbosa 2008).
Additionally, given the high cost of lactation for the mothers, instances where the weaning
process is significantly prolonged by the continued reliance on milk may have greater costs to both
mother and immature than pre-weaning nursing. Further work is required to examine the potential
cost of increased access to milk as a fallback resource, including mother-infant conflict, longer
maternal interbirth interval (which may impact the immature individual via indirect fitness), or the
delayed or altered development of feeding strategies that develop post-weaning. For example, in
rats (Finkel et al. 1988) and lambs (Shirazi-Beechey et al. 1991), prolonged suckling prevents the
development of intestinal sodium-glucose co-transporters, which decreases intestinal nutrient
absorption.
2.6.4

Niche separation and nutritional intake
Mountain gorillas as a species inhabit a narrow fundamental nutritional niche, with the

absolute multidimensional space encompassing all food items being fairly restrictive in its relative
proportion of fats, carbohydrates, and proteins. However, within this niche, it appears realized
nutritional niche is even more specialized by age class, with each developmental stage consuming
an highly specialized relative balance of nutrients. Infants, as mentioned, consume higher
proportions of lipids, which may be reflective of their reliance on milk, or their avoidance of highfiber resources. Juveniles, meanwhile, consume higher levels of protein relative to adults, which
corresponds with their growth requirements and may be further associated with lower proficiency
in foraging for high carbohydrate foods such as fruits.

86

The specificity of these nutritional niches suggests tight requirements in nutritional profile,
such that individuals deliberately self-select diets optimal for their age- and stage- specific needs.
The finding from this project that infants conform to a tight nutritional niche is consistent with
findings that immature individuals are able to self-select diet and nutritional balance from a young
age (Hewson-Hughes et al. 2008), and that dietary self-selection shifts with shifting nutritional
requirements across the life cycle (Simpson and Raubenheimer 2012).
In terms of nutrient intake, all age classes follow the same previously observed
consumptive patterns of NPE prioritization and associated overconsumption of protein during
periods of low-fruit availability (Rothman et al. 2011). However, juveniles do not increase their
NPE consumption during periods of high fruit intake by the same magnitude as adults. The
similarity in patterning suggests that juveniles are converging with adult intake patterns and rules
of compromise. Lastly, it is possible that the distinct intake rail in juvenile individuals is not
reflective of developmental constraints, but rather a deliberate self-selection of higher non-protein
energy balance, to support stage-specific accelerated growth requirements (Leigh and Shea 1995).
Similar developmentally-driven nutrient targets associated with somatic growth have been noted
in experimental studies of model species (Sorenson et al. 2008).
Infants, meanwhile, are distinct from their adult and juvenile counterparts, demonstrating
a higher NPE:PE balance than other age classes in both seasons. Given how closely infant daily
nutrient balance conforms to the balance of nutrients in wild mountain gorilla milk (Whittier et al.
2011), it appears that infant daily nutrient balance is closely tied to milk intake. This could indicate
that milk intake plays a role in mitigating the overconsumption of protein observed in adult and
juvenile individuals. Studies have found that human and non-human primate milk macronutrients
are tightly regulated in terms of protein ratio, with both lipid and carbohydrate levels fluctuating

87

in order to maintain specific protein levels (Raubenheimer et al. 2014; Cancelliere et al. 2017).
This regulation indicates infant protein requirements are crucial to development, but also may
suggest that protein levels are not buffered solely against shortfall, but also against surplus (i.e.
that infants may be unable to overconsume protein or self-regulate protein intake). As such, the
lower relative protein shown in infant mountain gorillas may indicate a protein ‘ceiling’, beyond
which additional consumption becomes detrimental to the individual’s fitness.
Regardless of cause, it is evident that infant and adult nutritional strategies are divergent,
with infants adapting to nutrient imbalance by increasing milk intake to maintain NPE
requirements rather than following the adult strategy of overconsuming protein to maintain
sufficient NPE.
2.6.5

Concluding remarks
These findings confirm that even in environments where dietary diversity is limited,

immature individuals adopt distinct nutritional and dietary strategies from adults in order to meet
their stage-specific metabolic requirements. The diversity of responses to foraging constraints
during immaturity highlights the context-specific nature of dietary development, and the
importance of considering the full ecological context in questions of dietary ontogenesis. While
traditionally, questions of variable feeding strategies are considered to be most relevant in species
who consume monopolizable food resources (i.e. frugivores), the clear differentiation of adult and
immature diets in mountain gorillas indicates the importance of considering feeding ontogeny in
ecologically constrained environments as well, both from the perspective of dietary composition
and nutrient intake. These findings are consistent with studies of specialist herbivore diet quality,
where individuals consuming diets of overlapping or similar foods can still vary widely in their
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nutritional intake, due to differences in quantity, foraging efficiency, and combination of foods
consumed (Ventura-Coredero et al. 2017).
Additionally, the distinct dietary strategies of infants and juveniles demonstrated by
mountain gorillas emphasizes the uniqueness of weaning as a life history stage both in terms of
nutritional requirements and dietary strategies. While many studies consider juvenile dietary
ontogenesis from the point of nutritional independence (post-weaning), this study demonstrates
that important transitions and distinct strategies are occurring from the onset of solid food intake,
and continue throughout the protracted weaning process. This study confirms previously noted
levels of variability in weaning time in mountain gorillas (Eckardt et al. 2016), through extended
and fluctuating patterns of facultative milk consumption. Further, it suggests a potential functional
explanation for this variability, by finding that milk may be leveraged as an alternative food source
during periods of suitable foods scarcity.
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3

CHAPTER 3: CHARACTERIZATION OF THE IMMATURE

GASTROINTESTINAL MICROBIOME IN WILD MOUNTAIN GORILLAS AND
POTENTIAL MARKERS OF DEVELOPMENT

3.1 INTRODUCTION
3.1.1

The multi-organismal animal
The microbial communities that live inside every animal are so critical to the functioning

of the individual that animals are often considered to be ‘multi-organismal entities’ (Douglas
2018), including their own native cells as well as an expansive system of microbial cells. The
pervasive influence of microbial communities on animal phenotypes and outcomes is well
documented, and include overall health (Liang et al. 2018), metabolism (Tremaroli and Backhed
2012; Turnbaugh et al. 2006;), immunity and immune programming (Ardeshir et al. 2014;
O’Sullivan et al. 2013), endocrine regulation (Evans et al. 2013; Sudo 2014), neuropsychological
health (Warner 2019), cardiovascular health (Jie et al. 2017), and circadian regulation (Deaver et
al. 2018; Liang and Fitzgerald 2017). While some of these relationships are mediated by the
multitaxon microbial community (hereafter: microbiome) as an entity, much of microbiome
research is focused on individual, key microbial taxa with clear functional implications for the host
and associations with host outcomes. Within the microbiome, individual microbial taxa have
independent selective interests and pressures, and variable selective overlap to the host (Douglas
2018). Depending on the taxa’s competitive/selective advantage within the broader microbiome,
the specific relationships between microbial taxa and their animal hosts can therefore provide a
selective advantage (symbiotic) or deleterious effect (dysbiotic) to the host’s fitness (Stecher et al.
2013).
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Microbe-host relationships are basal to animals and have been co-evolving for millennia.
For example, sponges (phylum Porifera), the basal phylum within animals, demonstrate phylaspecific microbiomes that are taxonomically distinct from surrounding environmental
microorganisms (Thomas et al. 2016). Due to this deep evolutionary relationship, modern
microbiomes show strong phylogenetic signals, often associated with the host species’ ecological
niche but resistant to environmental changes (McCord et al. 2014). The evolution of the hostspecific microbiome is driven by two main functional advantages the host. Firstly, the microbiome
plays a large role in digestive and metabolic function, including the breakdown of indigestible
compounds into usable nutritional products (Rowland et al. 2018), regulation of pathways
associated with nutrient intake and absorption (Krajmalnik-Brown et al. 2012), and the production
of essential compounds (Ayayee et al. 2016; Hu et al. 2018; Zhu et al. 2018). Secondly, the
microbiome modulates signaling networks to regulate the function of the host’s nervous system,
immune system, endocrine system, physiology, and metabolic responsivity (Blander et al. 2017;
Holmes et al. 2011; Rea et al. 2016); in particular through the bidirectional relationship termed the
‘gut brain axis’ (Powell et al. 2017).
3.1.2

The gastrointestinal microbiome and nutritional status

3.1.2.1 Variability in microbiome driven by host diet
The gastrointestinal tract of animals is perhaps the most critical site for microbiota, housing
the majority of a hosts’ microorganisms both in taxonomic diversity and abundance. In humans,
98% of all microbiota (abundance) are located in the colon (Sender et al. 2016), with diversity of
up to 1,000 phylotypes (Riedel et al. 2014). This pattern is consistent among mammals (Douglas
2018). Perhaps paradoxically, the gastrointestinal microbiome is both resistant to perturbation and
highly dynamic. Long-term patterning of the microbiome demonstrates retention and persistence
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of many ‘core’ species within the gut (Faith et al. 2013), and microbiome community stability is
associated with optimized host benefits (Coyte et al. 2015). However, along shorter timescales and
in response to external perturbation there is frequent turnover in specific taxa (Priya and Blekhman
2019), dynamic changes to community diversity and composition (David et al. 2014), and shifts
in relative abundance of taxa (Johnson et al. 2019). As such, cross-sectional characterizations of
the microbiome demonstrate high interindividual variability in both taxonomic diversity and
relative abundance of specific taxonomic groups. Across mammals, this variability is driven by
diet, with convergence in taxa with overlapping diets and digestive modalities (Muegge et al.
2011).
While diet is not the only contributing factor to the complexity and dynamism of the
microbiome, it is one of the most influential factors, as the foods consumed by the host provide
the substrate for bacterial metabolism within the gut. Each individual bacterial taxon within the
gut relies on nutritional substrates within the gastrointestinal environment, or on the byproducts of
other bacterial metabolic activity within the community (Tuohy and Del Rio 2014). Taxa are
variable in their functional specificity: some are able to metabolize a variety of substrate types
(and therefore, are more resistant to variability in host diet), while others reliant on specific
compounds to survive (Martens et al. 2014). For example, bacteria with genes for fructokinases
(FKs) are capable of phosphorylating sugar substrates, and will only proliferate in gut
environments with high concentrations of specific sugars (in the case of FKs, fructose) (Nocek et
al. 2011). Because of the relationship between bacterial metabolism and substrate availability,
sudden shifts in host diet can trigger persistent changes in the microbiome, with shifts in ecological
parameters occurring within days or weeks following the dietary change (David et al. 2014; Greene
et al. 2018; Maier et al. 2017). Moreover, day-over-day fluctuations in microbiome community
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composition can be predicted by the host’s nutritional and dietary intake from the previous day
(Johnson et al. 2019).
3.1.2.2 Nutritional services provided by microbiome
The modulation of microbiome composition through an organism’s diet is not a
unidirectional process. Changes to the microbiome associated with host diet and nutritional intake
can subsequently impact the diet and nutrition intake of the host itself, as microbiome and host are
intrinsically linked by their symbiotic metabolic relationship. Just as the host’s intake of nutrients
enables bacteria to meet its metabolic needs, the end or intermediary products of bacterial
metabolism provide essential nutritional and metabolic services to the host. This exchange of
metabolic products, termed ‘metabolic cross-feeding’, provides the basis for nutritional symbiosis
between host and microbiome (D’Souza et al. 2018). The main cross-feeding relationship within
the mammalian gastrointestinal tract is the bacterial utilization of host-ingested complex
polysaccharide compounds and subsequent host utilization of resulting breakdown products (e.g.
short chain fatty acids).
Complex carbohydrates, or polysaccharides, are omnipresent in mammalian food sources,
and are usually considered as a class under the umbrella term ‘dietary fibers’ (Jones 2014). This
wide class of compounds vary in their structure and function, but are either partially or completely
resistant to chemical and mechanical degradation by mammals, and as such are transported
undigested through the gastrointestinal tract (Williams et al. 2017). Bacteria possess the requisite
enzymes to break down these indigestible compounds into usable components for their own
metabolic needs. One of the byproducts of this bacterial metabolism is an important nutritional
product for the host - short chain fatty acids (SCFAs) - that can be absorbed through the colonic
luminal membrane or used by colonocytes as an energy source (Donohoe et al. 2011; Ritzhaupt et
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al. 1998). Bacterial fermentation of complex carbohydrates within the gut produces three main
types of SFCA: Acetate, propionate, and butyrate. Each has differing metabolic functions for the
host. While butyrate is most useful in primary energy uptake within the colon (Rowland et al.
2018), propionate is transported to the liver where it plays a role both in gluconeogenesis and
cholesterol synthesis (Krajmalnik-Brown et al. 2012). Acetate is transported to peripheral tissues,
and can be used to support the tissue needs of the skeletomuscular system, along with being used
in lipogenesis (Hooper et al. 2002).
3.1.3

The gastrointestinal microbiome of primates
The gastrointestinal microbiome of primates is predominantly populated by two bacterial

phyla: Firmicutes and Bacteroidetes. Most primates demonstrate microbiomes dominated by
Firmicutes relative to Bacteroidetes, though the abundance of these phyla and the relative
proportion of other varies widely among taxa (Clayton et al. 2018), as does the presence and
diversity of lower-abundance phyla within the microbiome (McKenney et al. 2017). Variability in
microbiome profile among the Primate order is attributable to multiple factors, including
phylogeny (McCord et al. 2014), physiology (Amato et al. 2019), life history (Prince et al. 2019;
Reveles et al. 2019), habitat/habituation (Clayton et al. 2016; Frankel et al. 2019; Gomez 2015),
ecology/local environment (Amato et al. 2013; Donohue et al. 2019; Gomez et al. 2016; Greene et
al. 2019), diet (Amato et al. 2014; Hicks et al. 2018; Garber et al. 2019; Gomez et al. 2016; Greene
et al. 2018), social environment (Perofsky et al. 2017; Tung et al. 2015), and epigenetic
effects/prenatal environment (Ardeshir et al. 2014; Ma et al. 2014).
As with all mammals, primate microbiomes demonstrate variability both within and across
species in association with diet. The modulation of the primate microbiome through diet has been
associated with both dietary category and diet composition (captive diets – Frankel et al. 2019;
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folivory – McKenney et al. 2015; exudivory – Bo et al. 2010; frugivory – Gomez et al. 2016;
insectivory – Greene and McKenney 2018), and is thought to be mediated by specific nutritional
parameters (i.e. enriched presence of taxa capable of degrading and metabolizing specific nutrients
consumed by the host).
The microbiome plays a significant role as a dietary and nutritional mechanics of the host,
with distinct community profiles and key taxa functioning as adaptations/strategies for the
processing of indigestible compounds such as resistant starches and non-starch polysaccharides
(Walker et al. 2011), the detoxification of secondary compounds/plant secondary metabolites such
as condensed tannins (Frey et al. 2006), and the mitigation of diet-associated gastrointestinal
dysfunction (i.e. through increased presence of sulfate-reducing or hydrogenotrophic taxa,
Nakamura et al. 2011). In folivorous primates, these functional associations emphasize the
importance of the microbiome in meeting energetic needs during periods of preferred food scarcity
or constrained resource availability.
Some of the notable consistent findings associated with reliance on high-fiber diets typical of
folivorous primates includes higher levels of microbiome species diversity (McKenney et al. 2015,
Gomez et al. 2015), especially when coupled with high levels of dietary diversity (Amato et al.
2013). Bacterial groups often associated with high fiber, folivorous diets include Clostridiales
(Amato et al. 2018), Prevotella (Gorvitovskaia et al. 2016), Ruminococcaceae (Amato et al. 2015;
McKenney et al. 2015), and Tenericutes (Greene et al. 2018; Yildrim et al. 2010). Typically,
folivorous primates demonstrate microbiomes higher in abundance of fibrolytic members of the
phylum Firmicutes (though it should be noted that Firmicutes is a diverse bacterial phylum that
also contains many proteolytic species found in association with high-protein, animal based diets
[Wang et al. 2017]) relative to carbohydrate-degrading Bacteroidetes (Clayton et al. 2018).
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Additionally, folivorous primates exhibit lower inter-individual variability in their microbial
communities, suggesting the regulation of specific microbiome assemblages as a nutritional
strategy for the consumption of these specific, low-quality diets (McKenney et al. 2015).
3.1.4

The development of the gastrointestinal microbiome
The uterine environment is sterile, with the potential exception of low levels of pathogenic

bacterial contamination (Lauder et al. 2016). This means that birth is the first point of bacterial
contact for the neonate, inoculating them with an initial consortia of species that will form the
basis of their first microbiome. The postnatal microbiome is influenced by the maternal
microbiome and bacterial exposure at birth; in humans, mode of delivery influences the initial
microbiome composition (Mueller et al. 2015). Following this initial colonization, the infant
microbiome undergoes significant changes as environmental and biophysiological variables drive
community dynamics within the microbiome. The initial establishment and subsequent
stabilization of the microbiome has implications at two levels. On a high level, changes to the
microbiome are successional, and closely associated to shifts in nutritional/dietary states, reaching
stasis when the immature diet converges with the adult state (Koenig et al. 2011; Marino et al.
2014). In the course of this trajectory, the immature microbiome demonstrates high compositional
flux (Voreades et al. 2014), profound phylogenetic shifts in population structure (Guittar et al.
2019), and variability associated with environmental, dietary, and genetic factors (Bakhed et al.
2015). While these dynamics may be regarded as predictable successional states, the immature
microbiome demonstrates high variability even within stage-specific states, due to competitive
interactions between early microbial colonizers within the gut, and the continual introduction of
novel microbes as the immature individual is gradually exposed to their postnatal environment
(Koenig et al. 2011). The successional dynamics of the early microbiome is a hallmark across
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mammals, beyond humans. For example, in dairy cows, microbial composition undergoes
significant shifts in conjunction with the shift from milk to high-fiber, solid feed (Meale et al.
2017). In piglets, the Lactobacillus and Bacteroidetes dominated infant microbiome is replaced by
a community dominated by Clostridium within 10 days following cessation of milk consumption
(Chen et al. 2017). In dogs, the Firmicutes dominant community associated with birth transitions
towards a Bacteroidetes co-dominated state during weaning (Guard et al. 2017). In all of these
instances, the patterning and timing of dietary transitions is critical, and the associated
development of the microbiome has implications for the individual’s health and growth outcome;
gradual weaning processes contribute to intermediary community compositions, whereas abrupt
transitions can be disruptive to feeding, digestion, and growth (i.e. Hu lambs, Chai et al. 2017).
3.1.5

Functional role of the infant microbiome
In spite of its variability and instability relative to mature microbiome communities, the

immature microbiome still maintains a strong functional role in providing nutritional services and
in the regulation and programming of gastrointestinal function. In terms of nutritional services, the
infant microbiome plays a critical role in the digestion of milk-derived glycans, including both
oligosaccharides and glycosylated proteins (McKeen et al. 2019). In humans, Bacteroidetes and
Bifidobacterium are core members of the initial infant microbiome, due to their role in the
degradation of these compounds (Kirmiz et al. 2018). The initial ‘milk oriented microbiome’
(MOM) is relatively low-diversity, dominated by specialized taxa reliant on a ‘singular’ nutritional
substrate. In turn, these taxa promote the growth and establishment of commensal bacteria through
cross-feeding interactions, and promote gut health by preventing pathogenic bacteria from binding
to the epithelium (Zivkovic et al. 2013). Accordingly, during this period of milk-exclusive feeding,
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the infant microbiome is highly stable and relatively predictable, both in humans, and other
mammals (i.e. pigs – Frese et al. 2015).
As the infant grows, and is gradually introduced to novel food items and nutritional
substrates, the diversity of the microbiome increases (Frese et al. 2015; Smith-Brown et al. 2016;
Thompson 2012). Many bacteria associated with the degradation of milk-derived glycans are
incapable of degrading the more complex glycan structures found in plant matter, such that the
infant gut begins to enrich in bacteria that play a role in the breakdown of complex plant structures
only after they are introduced into the diet (Edwards 2017). Unlike the milk oriented microbiome,
the weaning microbiome is characterized by high levels of compositional instability, especially as
the weaning individuals is exposed to increasing diversity in food items and nutrient substrates
(Backhed et al. 2015).
During weaning, the infant microbiome stabilizes in regards to environmental exposure,
but still undergoes significant changes in response to diet and nutritional intake. The microbiome
begins to display increased fermentative and polysaccharide-degrading functionality following the
cessation of milk intake (Scheiwiller et al. 2006). Even beyond weaning, the characteristics of the
early childhood diet (i.e. high fiber subsistence diets versus low fiber, high protein ‘Western’ diets)
contributes to the ultimate composition of the microbiome. Individuals weaned onto high-fiber,
plant-based diets display ultimate stable communities higher in fibrolytic and plant
polysaccharide-degrading taxa such as Prevotella and Ruminococcaceae (Yatsunenko et al. 2012).
3.2

Study goals
Despite its potential as a constraint in early life feeding and in nutritional development in

the context of fibrous diets, little is known about the establishment of this highly specialized
microbial milieu - that is, the composition and community dynamics of the microbiome - during
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development in primates constrained by homogenous, low energy diets. These data are critical to
our understanding of primate nutritional strategies, ecological plasticity, and life history
patterning. In the genus Gorilla, it has been shown that the differences in diet between lowland
and mountain gorillas result in significant variation in their bacterial communities (Gomez et al.
2015). This suggests specific microbial adaptations to digest fiber in an environment with low
seasonal fluctuation but low dietary diversity and relatively low fruit abundance. Specifically,
mountain gorillas, relative to lowland gorillas, demonstrate greater proportions of the fibrolytic
bacteria (for example, members of the orders Bacteroidales, Clostridiales, Porphyromonadaceae
and Rodocyclaceae). Additionally, among western lowland gorillas, it has been established that
the composition of the gastrointestinal microbiome varies across age classes (Pafco et al. 2019).
Infant and adult individuals differ in their bacterial richness, the complexity of their microbiome
networks, and in the abundance of specific taxa (Pafco et al. 2019). Given the uniquely fibrolytic
nature of the mountain gorilla gastrointestinal microbiome, coupled with the noted differences in
the microbiome across life history in the more frugivorous western lowland gorilla, understanding
the microbiome during infancy and throughout immaturity in mountain gorillas is critical to
understanding development, weaning, and the convergence to adult diets.
This study seeks to characterize the composition of the gastrointestinal microbiome of
immature mountain gorillas, Gorilla beringei. I hypothesize that the composition of the
gastrointestinal microbiome will shift across development and differ between developmental
stages, and that these shifts will parallel ontogenetic shifts in diet and nutritional intake. In order
to do so, I first will characterize the gastrointestinal microbiome of a specialist folivorous
hominoid, Gorilla beringei, within the context of age and life history stage. Once characterized, I
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will examine the microbiome comparatively across these groups, to evaluate the following
hypotheses:
1. Infant, juvenile, and adult mountain gorillas will demonstrate distinct gastrointestinal
microbiomes, reflecting age- and stage-specific compositional features. Specifically,
1.1. Alpha Diversity: Microbiome species richness will be highest among infant individuals
due to their high dietary diversity and unique utilization of milk as a food source;
1.2. Variability: Immature individuals will demonstrate higher intra-individual variability,
reflecting compositional flux associated with development prior to community
stabilization;
1.3. Beta Diversity: Microbiome composition will cluster by age group, with differentiation
between infant, juvenile, and adult beta diversity.
2. Features within the microbiome will be differentially abundant both among and between age
classes, indicative of features that reflect age- and stage-specific nutritional, dietary, or
biophysiological status. Specifically,
2.1. Relative Abundance of Key Phyla: Relative abundance of higher taxonomic groups will
differ between age groups, including the ratio of Firmicutes to Bacteroidetes (related to
implications for fiber degradation and energy harvest);
2.2. Indicator Species: Specific ASVs, particularly those associated with fiber degradation,
will be more abundant in adult individuals, with juveniles demonstrating varying degrees
of convergence to the mature state;
2.3. Milk-Associated Indicators: Specific ASVs, particularly those associated with the
breakdown of milk-derived oligosaccharides, will be differentially abundant among
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infants, as a function of relative consumption/reliance on mother’s milk or as a function
of biophysiological development.
3. The microbial ecosystem dynamics, as measured through the proxy of network analysis of coabundance relationships between ASVs, will differ across age groups. Specifically,
3.1. Connectivity: Immature individuals displaying less connected networks, while adult
networks will be more dense;
3.2. Clustering: Co-abundance networks among mature individuals will have higher
clustering coefficients and neighborhood connectivity;
3.3. Modularity: Immature individuals will show networks with greater modularity (more
sparsely connected discrete clusters).
3.3

METHODS

3.3.1

Study site and subjects
All fecal samples were collected at Bwindi Impenetrable National Park (BINP), in

southwestern Uganda. The ecological characteristics of BINP are described in detail in Chapter 2.
While there are 11 groups of mountain gorillas currently habituated within the park, fecal samples
for this study were collected from three groups: Mubare (M), Rushegura (R), and Habinyanja (H).
As of August 2017, these three groups contained 13, 16, and 16 individuals respectively, for a total
of 45 unique individuals. The age group composition of these groups is discussed in detail in
Chapter 2, but briefly, the three groups include 23 immature individuals who were monitored on a
rotating basis throughout the study period.
3.3.2

Fruit intake

Fruit intake, as measured by relative proportion of total wet weight food intake on a monthly
basis, was used as a proxy for seasonality/fruit availability. Fruit intake is presented as either high,
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or low, with high fruit intake months defined as months where fruit intake exceeded the annual
fruit intake average of 15%.
3.3.3

Fecal collection
Fecal samples were collected across the entire study period, from July 2017 to July 2018.

Fecal samples were collected in two ways. Firstly, samples were collected through early morning
nest sweeps during a dedicated weeklong period every three months (in order to capture seasonal
variability). These nest sweeps occurred in the early morning, following the gorillas’ morning
void. During nest sweeps, fecal samples were collected from nests belonging to known individuals,
and therefore fecal samples in the nest could be assigned to specific individuals. This systematic
fecal collection resulted in 72 fecal samples belonging to individuals of known social groups, and
of either known or presumed age (based on bolus size, see below).
With regards to collection from nests, sex class were inferred and noted when there was
absolute certainty of which individuals were in the nest overnight. The nesting behavior of
mountain gorillas at this field site have previously been considered by Rothman et al. (2006).
Individuals at this field site do not reuse nest sites; in a study of 466 nests, only one incident of reuse was observed (Rothman et al., 2006). Likewise, mountain gorillas are not known to swap or
share nests overnight (Rothman, pers. comm.), and typically void in the early morning prior to
leaving the nest (Rothman, 2008b). Therefore, it is reasonable to assume that the nest of a known
individual contains only the feces of that individual and any associated immature individuals that
may have nested with that adult female.
In the event that a nest could be assigned to a specific individual, fecal samples were
identified as belonging to a specific age class based on the size of the stool. The assignment of an
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individual’s age class through bolus size has been previously validated for gorillas (Rothman et al.
2008) as well as other large, herbivorous mammals (Woodruff et al. 2016).
Beyond this nest sweep collection, additional fecal samples were collected
opportunistically during behavioral observation of focal individuals, to corroborate fecal samples
with specific observations of diet and nutritional intake. These opportunistic samples were then
‘paired’ to all focal follows for that individual in the week preceding and following the sample,
the average of these follows being termed the ‘typical’ or ‘average’ diet representing that specific
fecal sample. A total of 65 opportunistic samples with paired ‘average’ diets were collected.
Across the study period, a total of 137 samples were collected, 97 of which came from
known individuals (the remaining 40 were assigned to age class based on bolus size during nest
sweep). In addition to samples from all target infant and juvenile (immature) individuals, samples
were collected from all adult members, both male and female, as a comparative measure for mature
microbiomes and to account for sex as a potential effect on microbiome composition.
In all cases, tubes containing 15mL of 98% ethanol were weighed and prepared prior to
fecal collection. Upon defecation/retrieval from nests, the sample was taken from the core of the
stool (to minimize the sample’s exposure to oxygen) using a sterile instrument, and submerged
immediately in ethanol in the collection tube. Sample tubes were then weighed to capture the
sample weight. Sample tubes were then sealed and double-wrapped with parafilm prior to storage.
Fecal samples were stored at room temperature in ethanol until time of transit.
3.3.4

DNA extraction
Fecal samples were shipped to the lab of Dr. Jessica Rothman (Hunter College, New York),

for DNA extraction prior to sequencing. DNA extraction followed a modified protocol from the
QIAamp PowerFecal DNA kit (QIAGEN). Modifications were made to account for the high level
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of residual fibrous material in the fecal samples (i.e. undigested grass) and other
dietary/environmental contaminants that would impact the quality of DNA being extracted. These
modifications included an initial mechanical homogenization using a hand-held blender, and the
incubation of the sample in a Tris-HCL extraction buffer to maximize the release of particleassociated bacteria.
3.3.5

Sequencing
The composition of the gastrointestinal microbiome was investigated through 16S rRNA

high throughput sequencing. Samples were processed and analyzed these samples via DNA
extraction and sequencing under the supervision of Dr. Andres Gomez (University of Minnesota,
Minnesota). Sequencing considered the V4 region of the 16S rRNA gene. Samples were
multiplexed and sequenced the product of amplification using the Illumina MiSeq sequencing
platform (Illumina, San Diego, USA). After sequencing, MiSeq reads were quality processed and
binned reads into Amplicon Sequence Variants (ASVs) using the DADA2 pipeline (Callahan et
al. 2016), and taxonomically annotated using a variety of scripts within the QIIME2 software
(Bolyen et al. 2018).
3.3.6

Statistical analyses
I assessed the resulting microbiome datasets (ASV tables) using multivariate statistical

analyses, through various packages in the R statistical interface (including ordination, principal
coordinate and multidimensional scaling analyses, clustering, machine learning and classification
methods [Random Forest]) (Jari Okansen et al. 2017; McMurdie and Holmes 2013; Roberts 2016).
Unless otherwise specified, visualizations in R were made using custom scripts and modifications
with ggplot2 as a base (Wickham 2016).
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Raw data were filtered to remove sparse taxa (total abundance less than 20 counts across
all samples), and filtered to include only taxa present in at least 5% of samples (based on
prevalence threshold as per Callahan et al. 2016). For indicator species analysis (of species with
differential abundance across age groups), taxa were additionally filtered to remove
uncharacterized phyla, in order to emphasize differentiation derived from informative taxa.
Following filtering, data was normalized based on total sum of reads generated in a given
sample to calculate relative abundance values. Normalized data was assessed for alpha diversity
through the vegan package in R (Okansen et al. 2017), and differences were evaluated for statistical
significance through Kruskal-Wallis tests (a non-parametric test was used due to the zero-inflated
and sparse nature of the relative abundance data). Differences in species richness were tested using
a Markov Chain Monte Carlo generalized linear mixed effects model (GLMM) through the
MCMCglmm package in R (Hadfield 2010). The best fit model was evaluated based on DIC values
and R2 fit, extracted through a custom function/script in R.
Group-wise differences in beta diversity were visualized through Principal Coordinate
Analysis (PCoAs) based on Bray-Curtis dissimilarity matrices, using the PhyloSeq package in R
(McMurdie and Holmes 2013). Statistical significance was evaluated using PERMANOVA on
relative abundance tables based on Bray-Curtis matrix. In order to account for the effects of social
group and fruit intake observed in the GLMM analysis, I conducted a constrained analysis of
principal coordinates using a distance-based redundancy analysis (RDA). Pairwise comparisons
of PERMANOVA between groups following the RDA was conducted using the RVAideMemoire
package in R (Hervé and Hervé 2020).
In order to identify potential indicator species (species which associate specifically with
certain groups), the association between species patterns across groups were evaluated using the
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IndicSpecies package in R (De Carceres and Legendre 2009). To be considered an indicator
species, an indicator was required to have an Indicator Value (defined below) of >0.7 and a pvalue of <0.05. Random Forest classifier analysis to support indicator species analysis were built
using the RandomForest package in R (Liaw and Wiener 2002), according to 80/20 holdout
principle for classifier validation. Area-under-curve and receiver-operating-characteristics were
calculated using a custom script in R with supportive functions from the ROCR package (Sing et
al. 2005). To be considered a robust indicator, an ASV must be considered both an indicator
according to indicator species acceptance criteria and also highly significant in driving
differentiation within the random forest classifier, based on mean decrease in GINI.
3.3.7

Network analysis
Species co-abundance matrices were generated using compositionality corrected by

renormalization and permutation (CCREPE) in R (Bielski and Weingart 2019), and visualized
using the CytoScape 3.0 platform. Tools within CytoScape (NetworkAnalyzer) were used to
generate network and node attributes including betweenness centrality, clustering coefficient,
neighborhood connectivity, and closeness centrality. A custom function in R was used to
statistically compare network and node attributes and generate summary statistics. Network
modularity was calculated through Gephi software with statistical mechanics by Blondel et al.
(2008).

3.4 RESULTS
3.4.1

Alpha diversity
Contra to predictions, juveniles (not infants) demonstrated the highest microbiome species

richness; however, infant species richness was high relative to adult individuals. Microbiome alpha
diversity in mountain gorillas differs between age classes and between social groups, but not across
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seasons or sex. Fruit intake and sex had no independent effect on differences in alpha diversity
(Table 1). Age-associated differences in gastrointestinal microbiome diversity is influenced by
social group and fruit intake, but not by sex or individual identity.
Alpha diversity was significantly different between immature and mature individuals
(Shannon’s H-index, F=9.48, p=0.009; Simpson’s index, F=7.43, p=0.024), driven by increased
diversity among juvenile individuals (Figure 3). The effect of age class on alpha diversity was also
examined using an MCMC eneralized linear mixed effect model (Bayesian estimation) (Gelman
and Hill 2006) with parameter extended priors (Hadfield 2019). DIC comparison of various model
parameters determined the best fit model to include age class as a fixed effect and fruit intake and
social group as random effects (Table 2). This model found a relationship between age class and
alpha diversity (R2=0.509, p<0.001) (Figure 1).
Table 3-1 - p-values for Kruskal-Wallis tests of alpha diversity metrics, as a function of age, sex,
social group, and fruit intake. Significant relationships in green.

<0.001
0.16
0.05

Simpson
Index
<0.001
0.28
<0.001

Rarefied
Richness
0.09
0.29
0.21

0.73

0.83

0.97

VARIABLE

Richness

H Index

AGE
SEX
GROUP
FRUIT INTAKE/
AVAILABILITY

0.27
0.94
0.34
0.68

Evenness
<0.001
0.49
0.19
0.89
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Table 3-2 - Model parameters considered in GLMM construction, including DIC and R2 values

Figure 3-1 Alpha diversity based on Shannon’s H-Index, across mountain gorilla age classes.
Grouped by fruit intake and social group. Pairwise significance established via wilcoxen ranksum tests, with ** denoting p<0.01, * for p<0.05.
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3.4.2

Variability
Infants demonstrate high intra-individual variability, suggesting high compositional flux

associated with development. Age groups differed in their community composition, with infants
demonstrating the most within-group dissimilarity (Table 3). Juveniles demonstrated the most
within-group similarity, although the minimum pairwise distance observed between juvenile
individuals was similar to the minimum pairwise distance observed between adult individuals.
Table 3-3 - Within-group pairwise distance as a measure of within-group community similarity.
Paired letters represent significant differences in pairwise distances at p<0.05 between groups
based on Wilcox rank-sum test.

INFANT
JUVENILE
ADULT

3.4.3

MEAN PAIRWISE
BRAY-CURTIS
DISTANCE
0.52±0.08ab
0.42±0.09bc
0.49±0.07ac

MAXIMUM
PAIRWISE
DISTANCE
0.77
0.63
0.74

MINIMUM
PAIRWISE
DISTANCE
0.23
0.12
0.13

Beta diversity
Beyond variability, the composition of the microbiome shows distinctions between age

groups, with the infant microbiome differing in composition from that of both adults and juveniles
(PERMANOVA, F=6.286, p<0.004) (Figure 2). Infants demonstrate dissimilar microbiome
assemblages compared to both adults and juveniles. Juveniles appear to be intermediary in their
differentiation, but converge more closely with adult states relative to infants.
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Figure 3-2 - Beta diversity based on relative abundance and Bray-Curtis dissimilarity matrix
shows separation based on age groups
Partial/Constrained Analysis of Principal Coordinates (distance-based RDA) confirms that
the effects of age persist when conditioned for social group and fruit intake (Figure 3). However,
the separation between infants and other age classes is more pronounced during periods of high
fruit intake (PERMANOVA, F=4.472, p<0.001) than during periods of low fruit intake
(PERMANOVA, F=2.613, p=0.008). Pairwise post-hoc testing suggests that this difference may
be related to the dissimilarity of juvenile microbiome communities during periods of high fruit
intake (Table 4).
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Figure 3-3 - Constrained Analysis of Principal Components based on Bray-Curtis dissimilarity
across age classes, conditioned by group and fruit intake (isolating effect of age class only)
Table 3-4 - P-values presented for pairwise comparisons of PERMANOVA between group levels,
with Bonferroni p-value correction. Significant results at p<0.05 denoted with *
INFANT-JUVENILE
INFANT-ADULT
JUVENILE-ADULT

3.4.4

HIGH FRUIT INTAKE
0.003*
0.003*
0.015*

LOW FRUIT INTAKE
0.150
0.015*
0.111

Relative abundance of major phyla
The overall taxonomic community composition of Gorilla beringei fecal microbiome is

characterized by high relative abundance of three phyletic groups: Bacteroidetes, Firmicutes, and
Actinobacteria (Figure 4). The relative abundance of two of these phyla differs among age classes
(Actinobacteria, F=4.14, p=0.02; Firmicutes, F=5.614, p=0.004) (Table 5). Relative abundance
of Bacteroidetes is consistent across age classes. Additionally, the ratio of

Bacteroidetes to

Firmicutes, often associated with energy harvest (lower B:F ratio is associated with increased
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energy harvest through microbiome-mediated pathways) differs among age classes (F=4.051,
p=0.02), driven by a lower ratio among infants.
Table 3-5 - Relative abundance of core phyla in the mountain gorilla microbiome indicates
differences between age classes. Significant pairwise differences based on post-hoc testing
denoted by paired superscript letters. Standard error in parentheses.
AVERAGE RATIO OF

AGE CLASS

AVERAGE RELATIVE

AVERAGE RELATIVE

AVERAGE RELATIVE

ABUNDANCE

ABUNDANCE

ABUNDANCE

ACTINOBACTERIA

BACTEROIDETES

FIRMICUTES

BACTEROIDETES TO
FIRMICUTES (B:F
RATIO)

ADULT

12.56(±0.41)%a

22.18(±0.59)%

33.43(±0.66)%cd

0.67(±0.02)e

JUVENILE

13.31(±0.64)%

22.85(±0.53)%

36.44(±0.87)%c

0.63(±0.02)

INFANT

14.4(±0.45)%a

20.98(±0.56)%

36.00(±0.61)%d

0.59(±0.02)e

3.4.5

Indicator species
Mountain gorillas can by classified by age group based on unique taxonomic indicators,

with members of the order Clostridiales appearing most often as differentiators between the
microbiome of immature and mature mountain gorillas.
Indicator species analysis, which evaluates the specificity and fidelity of individual
ASVs relative to each age group (therefore, indicates which ASVs are most abundant and most
predominant among each a specific group), identified a total of 202 ASVs that differed
significantly (Indicator Value ≥0.7, p<0.05) between age groups. Of these 120 were associated
with a single age group, and an additional 82 associated with two age groups to the exclusion of
the third. Indicator species analysis was supported by a random forest analysis, which
demonstrated 83.3% accuracy in classifying age class based on microbiome community
composition. In model validation, the AUC (area under the curve) index (which indicates the
probability that a randomly chosen sample previously unseen by the random forest classifier is
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accurately classified) was 0.94 for adults, 0.98 for infants, and 0.84 for juveniles. This suggests
that microbiome composition can reliably predict age class among mountain gorillas, further
supporting the results of the beta diversity analyses.
Of the 10 ASVs with the highest mean decrease in Gini scores (decreased average of node
impurity, weighted by proportion of samples reaching that node across all tree permutations), 8
were also significant at an alpha level of 0.05 and an Indicator Value of >0.7 in the indicator
species analysis. There was no effect of season or social group on the relative abundance of any of
the key indicator species (Table 6).
The majority (5) of these 8 concordant indicator ASVs belong to the order Clostridiales,
and were more abundant in infants (Figure 5a,b,c) or in infants and juveniles (Figure 5e,h). One
ASV from the Prevotellaceae family (genus Prevotella) was more abundant in adults (Figure 5f).
Infants also differed through higher abundance of an Erysipelotrichaceae spp. (Figure 5g), and
Archeal taxa, belonging to the genus Methanosphaera (Figure 5d).
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Figure 3-4 - Relative abundance of key differentiated ASVs between age groups. Abundance values
are normalized (log). Significance denoted as * for p<0.05, ** for p<0.01, *** for p<0.001
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Table 3-6 - "Robust" indicator taxa with differential abundance according to both mean
decreased GINI and indicator species analysis
INDICATOR TAXA
Clostridia (Genus Sarcina)
Ruminococcaceae (unknown)
Faecalibacterium prauntzii
Methanobacteria
Lachnospiraceae
(Ruminococcus gnavus)
Prevotella
Erysipelotrichacea
Lachnospiraceae (genus
Blautia I)

3.4.6

Cluster
Infant
Infant
Infant
Infant
Infant+ Juvenile

Indicator
Value
0.80
0.65
0.71
0.83
0.79

Adult
Infant+
Juvenile
Infant+
Juvenile

Mean Relative Abundance (%)
ADULT JUVENILE INFANT
2.0
1.2
1.28
0.001
0.00
0.015
0.006
0.00
0.17
0.05
0.02
1.01
0.03
0.18
0.27

p-value
0.005
0.005
0.005
0.005
0.005

0.83
0.74

0.08
0.01

0.03
0.13

0.01
0.23

0.005
0.005

0.85

0.06

0.27

0.36

0.005

Milk-associated indicators
Among infants, there is an association between abundance of specific taxa and reliance

on mother’s milk as a source of nutrition. Sulfate-Reducing Bacteria and butyrate producing taxa
drive differences in microbiome composition between infants.
Indicator species analysis further identified 40 taxa among infants that different
significantly in relation to average level of daily milk consumption (milk consumption level
determined as the top, mid, and low tertile of milk intake on a dry matter basis). This analysis
was supported by a random forest classifier with 67.4% accuracy in classifying milk intake level
based on microbiome community composition.
All top 10 ASVs identified by the random forest classifiers were also significant in the
indicator species analysis with an indicator value greater than 0.7 and a p-value of less than 0.05.
However, only seven of the 10 identified species demonstrated pairwise differences based on posthoc wilcox rank-sum tests (Figure 6). These included a major SRB group (Desulfovibrionaceae),
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butyrate producing Roseburia, as well as taxa belonging to the families Ruminococcaceae,
Lachnospiraceae, Erysipelotrichaceae, and Sphaerocaeteae.
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Figure 3-5 - Relative abundance of key indicator taxa by average level of milk intake among
infants. Significance denoted as * for p<0.05, ** for p<0.01, *** for p<0.001.
3.4.7

Co-abundance networks
Co-abundance networks suggest that the gut community dynamics, in terms of interactions

between taxa differs between age classes, and between seasons in adults. This network attribute is
highest among infants, and lowest among adults during periods of high fruit intake (Table 7). The
juvenile microbial network demonstrates a greater number of clustered communities than other
age classes, but a less robust (less modular) network overall (Table 7). This implies that the
network may be more vulnerable to perturbation, and may not have as much functional
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redundancy. Network modularity (robustness) is greatest in adults during periods of high fruit
intake.
Table 3-7 - Network characteristics for age classes, and for adults between seasons
Network

Network
diameter

Number of Modules/
Communities

Network
Modularity Index

Number of
Nodes

Network
Density

ADULT (HIGH FRUIT
INTAKE)
ADULT (LOW FRUIT
INTAKE)
INFANT
JUVENILE

14

10

0.626

365

1.7%

11

9

0.609

356

2.0%

12
10

10
12

0.603
0.573

295
397

3.2%
1.8%

Co-occurence network statistic values differed within networks between age classes in
terms of average shortest path length (F=154.5,p<0.001), neighborhood connectivity
(F=42.05,p<0.001), closeness centrality (F=38.99,p<0.001), and clustering coefficient
(F=18.17,p<0.001) (Table 9). Taxa within the microbiome affiliate differently among age
classes, varying in the strength of their associations, the closeness of their overall network, and
the amount of clustering observed. Keystone taxa among each network also differed, such that
different taxa were more centrally positioned within the network and would have more profound
impact on the microbiome community broadly if perturbed (Table 8).
Table 3-8 - Keystone taxa in each coabundance network indicates that Clostridiales are
disproportionately connected within the networks, acting as central taxa.
TAXA
INFANT

Bacteroidales
Prevotellaceae
Erysipelotrichales
Erysipelotrichaceae
Erysipelotrichales
Erysipelotrichaceae
JUVENILE Clostridiales
Ruminococcaceae
Bacteroidales
Prevotellaceae

CLOSENESS
NEIGHBORHOOD
CENTRALITY CONNECTIVITY
0.25962399
21.8
0.26291931

20.952381

0.25595763

20.9473684

0.27279006

23.375

0.26510067

22
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ADULT
HIGH
FRUIT
INTAKE
ADULT
LOW
FRUIT
INTAKE

Bacteroidales S24-7

0.26852481

21.6153846

RF39
Clostridiales
Lachnospiraceae
Clostridiales
Ruminococcacea
Clostridiales
Lachnospiraceae
Coriobacteriales
Coriobacteriaceae
Bacteroidales
Prevotellaceae

0.16939635
0.25104022

20
18.5454546

0.26834692

17.1

0.3050557

22.458333

0.31616341

22.3214286

0.31842576

22.08

Infants demonstrate more highly connected networks, suggesting greater number of cooccurrence relationships between taxa and larger clusters of affiliated taxa. In particular, infants
demonstrated higher neighborhood connectivity and higher clustering coefficients relative to
adults and juveniles. However, during periods of low fruit intake, the adult network
demonstrated significantly higher connectivity, closeness centrality, and lower average path
length (suggesting greater network density is driven by low fruit intake) (Figure 7-8).
Table 3-9 - Network statistics for mountain gorilla co-occurence networks. Significantly different
values at p<0.05 denoted by paired superscript letters.
AVERAGE
SHORTEST
PATH
LENGTH

NEIGHBORHOOD
CONNECTIVITY

CLOSENESS
CENTRALITY

CLUSTERING
COEFFICIENT

4.87±0.05abc

8.05±0.19fgh

0.21±0.004klm

0.25±0.013p

3.68±0.02ade

11.21±0.23fi

0.27±0.003kno

0.27±0.008q

INFANT

4.21±0.04abd

11.46±0.29gj

0.25±0.003ln

0.37±0.014pqr

JUVENILE

4.31±0.03ce

9.71±0.25hij

0.24±0.004mo

0.26±0.011r

NETWORK
ADULT (HIGH FRUIT
INTAKE)
ADULT (LOW FRUIT
INTAKE)
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Adult Low Fruit
Intake

Adult High Fruit
Intake

Figure 3-6 - Co-occurrence networks in the gut microbiome of adults during periods of high and
low fruit intake. Thickness of edges represents co-abundance strength (spearman correlations,
higher = thicker), color represents clustering coefficient (cooler to warmer colors indicate smaller
to larger cluster coefficient), and size represents neighborhood connectivity (larger nodes are
more connected nodes). Networks are arranged through a prefuse force-directed algorithm, and
are not spatially meaningful.

Infant

Juvenile

Figure 3-7 - Infant and Juvenile co-occurrence networks. Represented as above.
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3.5
3.5.1

DISCUSSION
Community diversity
In terms of overall diversity, the mountain gorilla microbiome can be characterized by high

levels of alpha diversity, relative to published levels of alpha diversity for the more frugivorous
western lowland gorillas (i.e. Pafco et al. 2019). This is consistent with other studies of folivorous
primates, where gastrointestinal microbiome diversity is higher in association with the habitual
consumption diverse, leafy diets (Greene et al. 2019). Contra to my prediction that infants would
demonstrate highest levels of alpha diversity, in this dataset, juveniles demonstrate significantly
more diverse gastrointestinal microbiomes relative to both adults and infants. This pattern was
more pronounced during periods of high fruit intake, which may be related to the increased
diversity in available food items during these periods, enabling greater dietary and nutritional
variability between age classes.
The relatively lower diversity observed in infants may be a function of younger members
of the age class, as early infancy is often characterized by low-diversity microbiomes specialized
for the digestion and degradation of milk-exclusive diets (Frese et al. 2015; Zivkovic et al. 2013).
The increased diversity in juveniles, relative to both infants and adults, may be a function of the
transitional nature of the juvenile period; as the juvenile gastrointestinal microbiome converges
towards the adult state, juveniles likely represent an intermediary stage of development where the
microbiome still retains some hallmarks of the infant microbiome (i.e. milk associated taxa and
taxa associated with gut biophysiological immaturity) while also having acquired novel bacteria
associated with adult diets and gastrointestinal states (i.e. fibrolytic taxa). As such, it is possible
that the juvenile condition is one of enriched species diversity that decreases as the retained taxa
from infancy are replaced or competitively excluded from the community as the adult diet persists.
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Additionally, while the high dietary diversity observed in infants could act as a contributor
to a more diverse gastrointestinal microbiome, it is possible that infant dietary diversity is not
reflected in the gastrointestinal microbiome diversity due to low frequency of consumption of the
majority of food items in the diet (see Chapter 2). Given that many items in the infant diet are
consumed irregularly or infrequently, it is possible that they do not exert strong selective pressures
on the microbiome, or that taxa associated with these food items or their environment are present
in a very limited, transient nature, such that the overall diversity of the microbiome does not reflect
their consumption, but instead, they are only represented when considering the beta diversity of
the microbiome at any singular point in time. Such transient colonizers are present in the
gastrointestinal microbiome of human infants, and differentiate the infant microbiome from the
mature state (Alderbath and Wold 2009).
3.5.2

Community composition and variability

The relationship between infant dietary patterns (high diversity of infrequently consumed
foods or non-food items) and the microbiome is further supported by the fact that infants were
noted to have higher intra-individual variability in their community composition. High variability
in microbiome composition is noted in many other species during infancy, and particularly during
weaning and mixed-feeding periods. In humans, compositional flux and high variability is
considered a defining characteristic of the weaning microbiome (Koenig et al. 2011), and the infant
gut microbiome is more variable both within and between individuals than the adult gut
microbiome (Milani et al. 2017). Especially during early infancy and the initial colonization of the
gastrointestinal tract, there are an abundance of non-diet derived extrinsic factors that play a role
in gastrointestinal microbiome variability. In humans, this ranges from factors like mode of
delivery, antibiotic usage, maternal health, and gestational stage (Milani et al. 2017). Likewise, in
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other mammals, this variability can be explained by individual variability in feeding transition
timing and patterning, age at weaning, weaning diet, intestinal development and biophysiological
maturity, and environmental conditions (Abecia et al. 2017; Chen et al. 2017; Mach et al. 2017;
Meale et al. 2017; Schloss et al. 2012). It should be noted that the variability observed in the infant
microbiome does not necessarily indicate functional variability, especially given the ‘chaotic’
nature of initial successional microbiome stages (Koenig et al. 2011). Multiple taxa within the
microbiome may overlap in their metabolic pathways, creating substantial redundancy in
functionality. As such, the high compositional flux in immature individuals is not necessarily
indicative of functional flux, but may instead be a result of variability in diet and transient exposure
to diverse substrate favorable to differential bacterial taxa with similar metabolic functions.
Beyond variability within age classes, the results demonstrate that mountain gorillas
demonstrate differentiated community structures across age classes; irrespective of the influence
of other factors such as seasonality and social group. Given that this relationship is slightly less
pronounced during periods of low fruit intake (though still remarkably consistent in patterning), it
may be that the functional microbiome is more constrained during periods of low fruit intake, when
energetic resources may be more scarce. For example, Amato et al. (2015) found that among
howler monkeys, the gut microbiome demonstrates a seasonal shift associated with diet, in order
to maximize the energy harvesting potential of the microbiome during periods of low fruit intake.
Likewise, in this study, among mountain gorillas, convergent microbiome profiles among age
groups may indicate a greater functional role of the microbiome in energy harvest during these
periods, reducing the observed amount of age- and stage-dependent microbiome variability (i.e.
under constrained conditions versus ‘ideal’ or unconstrained conditions).
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3.5.3

Indicators of age and characteristic age-associated bacteria
As hypothesized, mountain gorillas demonstrate several hundred age-specific bacterial

taxa that are differentially abundant between age classes, including some that are uniquely present
in specific age classes.
3.5.3.1 Taxa associated with age
In terms of age-associated microbiome differences, infants were enriched in multiple
members of the order Clostridiales. Clostridiales is an anaerobic order of the phylum Firmicutes,
and is most often defined by its cellulolytic members (Lynd et al. 2002). This is consistent with
other studies of developmental microbiomes among individuals and species reliant on high fiber,
complex polysaccharide diets. Overrepresentation by these species may be necessary to sustain
immature individuals given their reduced overall gut size and lessened capacity for enteric
digestion of complex, high fiber food items; increased levels of Clostridiales may act as a
compensatory strategy to maximize energy harvest and utilization of difficult-to-digest foods prior
to full colonic and gastrointestinal maturity.
Within Clostridiales, specifically, infants were enriched in the species Faecalbacterium
prausnitzii, a member of the Ruminococcaeceae family that has been associated with butyrate
formation through cross-feeding with Bifidobacterium (Rios-Covian et al. 2015). In infants, where
butyrate production may be lower as a result of lower fermentative capacity and reduced presence
of butyrate producing bacteria, enhanced production of butyrate through such cross-feeding
interactions may be beneficial for colonocyte health and energy harvest. Additionally,
Faecalbacterium prausnitzii is thought to play an important role in growth and gut epithelial
health, and thus may be selectively advantageous in infants during late weaning to improve growth
outcomes and immune function. These effects have been observed among dairy calves, where
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weaning calves with higher prevelance of Faecalibacterium during late weaning were associated
with higher wait gain and reduced incidence of diarrhea (Oikonomou et al. 2013).
Infants also showed higher relative abundance of the genus Blautia, of the family
Lachnospiraceae, and an unknown member of the family Erysipelotrichacea. Both have been
associated with high fat diets (Lecomte et al. 2015), and Blautia has specifically been associated
with visceral fat accumulation and host energy regulation (Ozato et al. 2019). Additionally, levels
of Erysipelotrichaeceae have been shown to decrease in response to low-fat diet nutritional
therapies in human children (Kaakoush et al. 2015). Among infant mountain gorillas, the presence
of these taxa is likely reflective of their relatively dietary intake of lipids from milk consumption,
and may further be associated with greater levels of stored body fat prior to weaning.
Lachnospiraceae associated with pectin and glucose (Duskova and Marounek 2001).
Lastly, infants demonstrated higher relative abundance of Methanosphaera, a genus of
hydrogenotrophic Eukaryote. In humans, methanogenic Archaea such as this are found as transient
members of the initial microbial consortium (Palmer et al. 2007), and are thought to be introduced
from oral-oral contact or skin-oral contact between mother and infant (Wampach et al. 2017).
Hydrogenotrophic taxa such as Methanosphaera, as their name suggests, produce methane gas as
a byproduct of hydrogen utilization within the gut (Rowland et al. 2018). High accumulation of
hydrogen in the gut can cause gastrointestinal distress (Miller et al. 1989), and may create a toxic
environment that prevents other commensal bacteria from establishing within the developing
microbial community. This is notably a concern among infants, who show higher levels of
hydrogen accumulation, and lower butyrate/SCFA production (Scheiwiller et al. 2006). Thus, I
suggest that the enriched presence of Methanosphaera among infant mountain gorillas may serve
a function in hydrogen disposal, preventing hydrogen accumulation prior to the establishment of
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a mature microbial community capable of adequately processing complex compounds without
overproducing hydrogen.
In terms of taxa enriched among adults, adult female mountain gorillas showed consistently
present and more abundant levels of an ASV in the genus Prevotella (family Prevotellaceae).
Prevotella is often implicated in the fermentation of fruits and carbohydrates, and is frequently
noted to be enriched in rural and traditional populations who consume high proportions of highfiber, unprocessed diets (Yatsunenko et al. 2012). In captive reared primates (Macaca mulatta),
relative abundance of Prevotella rapidly increased in the two weeks following maternal separation
(weaning): this coincides with an dietary shift where milk intake is abruptly ended and solid food
is rapidly introduced, and supports the role of Prevotella as an important biomarker of fiber
consumption and of convergence towards the adult microbiome following weaning (Amaral et al.
2017). This pattern appears to be supported in Gorilla beringei, with adult individuals
demonstrating significantly higher (although variable) levels of Prevotella. Its notable absence
among infants may be due to the slow development of polysaccharide fermentative capacity; in
humans, bacterial enzymes and products associated with polysaccharide degradation do not
meaningfully increase during weaning, in favor of a weaning microbiome still dominated by
oligosaccharide degrading taxa, and only consistently appear and begin to dominate following
complete cessation of milk intake (Edwards 2011).
3.5.3.2 Taxa variable among infants
While fewer taxa were clearly discriminant among infants as predicted by levels of milk
intake, this is to be expected, given that milk intake itself is highly variable relative to age, stage
of development, and external ecological variables (See Chapter 2). Erysipelotrichaeceae once
again acts as an indicator among infants, with genus RFN20 present almost exclusively among
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infants consuming high levels of milk. This reinforces the postulation that Erysipelotrichaeceae
abundance among mountain gorillas is responsive to high fat consumption or visceral fat
accumulation, both of which would be highest among very young, exclusive or near-excluively
breastfeeding infants.
Also consistent with age-associated indicators, the presence of a sulfate-reducing bacteria
(SRB), genus Bilophila. Bilophila is a member of the SRB family Desulfovibrioceae, which, as
with Methanosphaera, are hydrogenotrophic taxa found in hydrogen and hydrogen-sulfate
enriched gut environments (Pham et al. 2016). Unlike Methanosphaera, Desulfovibrioceae are
implicated in the utilization of lactate, which it oxidizes into acetate (Marquet et al. 2009). As with
Methanosphaera, the increased presence of SRBs among young infants is possibly associated with
the degredation of unwanted compounds prior to the establishment of a mature microbiome –
specifically in the case of Desulfovibrioceae, other studies have corroborated that the presence of
SRBs are highest during early infancy and decrease through development (Pham et al. 2016). The
role of SRBs may be associated with the high amount of lactate in the infant gut, produced from
undigested lactose and milk oligosaccharides, as lactate accumulation (like hydrogen
accumulation) has implications for gut health and dysbiosis (Flint et el. 2015).
Two members of the family Lachnospiraceae differed among infants, but in differing
directions; an unknown species of the genus Roseburia was found to increase with decreased milk
consumption (i.e. higher among weaned or predominantly weaned individuals), whereas
Ruminococcus gnavus was absent among this same cohort, and was enriched among infants
consuming high and medium levels of milk. Ruminococcus gnavus is commonly associated with
the infant microbiome in humans and likely plays a role in the degredation of milk-derived or hostderived glycans (Backhed et al. 2015). Roseburia, on the other hand, is a butyrate producer
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(Tamanai-Shacoori et al. 2017) associated with plant polysaccharide consumption and polyphenol
consumption (Martinez et al. 2017). As such, it represents a predictable candidate for the
maturation of the infant microbiome and convergence to the adult condition as individuals cease
relying on milk as a nutrient source and instead habitually consume plant-derived polysaccharides
which act as substrate to a distinct cohort of bacteria. While another butyritic taxa, genus
Oscillospira, was implicated in the inverse relationship (reduced with reduced milk intake), this
can be explained by genomic examination of Oscillospira, which have indicated that, while able
to act as polysaccharide degraders, they also have the ability to utilize glucoronate, which is present
in animal-derived proteins (presumably, including breast milk) (Gophna et al. 2017). This
alternative functionality may make them an ideal functional taxa during early weaning, but may
lead to their being competitively excluded by more efficient butyritic taxa once the level of
alternative substrate (glucoronate) available decreases as milk consumption tapers.
Lastly, the presence of Spirochaetes in young infants consuming high levels of milk may
be reflective of skin-oral or oral-oral contact between mother and infant. Spirochaetes is found on
the human oral microbiome (Dewhirst et al. 2010), and has been found to be shared between the
infant and maternal oral microbiome among the Tsimane people (Han et al. 2016).
Notably absent from the infant samples were high proportions of known milk oligosaccharide
degrading bacteria (i.e. Bifidobacteria). However, the infant microbiome had the highest relative
abundance of the phylum Actinobacteria (of which Bifidobacteria is a member), suggesting that
bacteria with the functional capacity to degrade milk glycans may be present (and, enriched or
exclusively present in infants), but are perhaps unknown taxa that differ from those commonly
found among humans and monogastric model species where they are most extensively studied.
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3.5.4

Concluding remarks
Broadly, the results of this study support that the composition of the mountain gorilla

gastrointestinal microbiome is dynamic across life history stages, and responsive to age- and stagespecific nutrient intake, diet, and biophysiological development. The relationship between age and
microbiome composition, both as a community and in terms of individual taxa presence/absence
and abundance, is most evident during periods of high fruit intake. This is potentially a function
of relaxed dietary constraints during these periods, and suggesting that microbiome differentiation
in high fruit intake context more closely mirrors age- and stage-specific functional adaptations (i.e.
associated with digestive processes, biophysiological maturation of the gastrointestinal tract, and
age-specific nutritional priorities). The stronger effect of age on metrics of microbiome variability,
diversity, and composition may be a function of the higher diversity of food items available and
incorporated in the mountain gorilla diet during these periods relative to the otherwise relatively
homogeneous, folivorous diet available during other periods.
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4

CHAPTER 4: FECAL METABOLITE COMPOSITION IN GORILLA BERINGEI
AND IMPLICATIONS FOR NUTRITIONAL DEVELOPMENT

4.1
4.1.1

INTRODUCTION
The complex fate of nutrients
When considering diet and nutrition in the context of life history patterning, it is crucial to

consider the complexity of post-ingestive regulation and metabolism of food components. This
includes both nutrient metabolism and the breakdown of secondary compounds. As alluded to in
earlier chapters, differences in diet and nutrient intake both within and across classes of individuals
may be compounded or compensated by differences in the individual’s ability to endogenously
metabolize the individual chemical components within the diet, as well as the gastrointestinal
microbiome’s role in breakdown and metabolism of complex compounds (and the production of
usable compounds as a primary or secondary nutrient source for the host). The interactions
between nutrients and other dietary chemical compounds are highly complex, and may be subject
to interactive effects that may alter the bioavailability of specific compounds and their utilization
by the individual (Fardet 2015). These interactions are well known in pharmacokinetics, where
chemical compounds demonstrate altered efficacy, metabolic fate, or function when consumed
depending on the presence of specific nutrients/metabolites (e.g. Genser 2008; Welling 1977). For
example, certain chemicals are absorbed by dietary fibers, and thus demonstrate lower
bioavailability when consumed in a high-fiber diet context as compared to a low-fiber or fiberabsent diet (e.g. Ethinylosestradiol – Garcia et al. 2000; CBZ - Nagai et al. 2018).
The post-ingestive fate of consumed nutrients can be examined through the fecal
metabolome. The metabolome refers to the collection of small molecules (metabolites) inside of
biofluids or tissue within the body; much like the microbiome, different body sites, tissues, and
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biofluids have distinct metabolomes (Ryan et al. 2013). At each such site, the metabolome is
comprised of metabolites of varying origin, including diet (nutrients and xenobiotics), activity,
microbiotic processes, illness, metabolic pathways, body composition, tissue turnover (growth
rate), reproductive status, and genetic factors (Gibney et al. 2005). In considering the fecal
metabolome, specifically, the collection of small molecules (metabolites) excreted by an individual
is influenced by numerous intrinsic and extrinsic factors, of which two of the largest contributors
are dietary metabolites and microbe-derived metabolites. In humans, dietary metabolites are an
incredibly rich collection of food breakdown products, comprised of over 25,000 food-derived
compounds (Scalbert et al. 2014). Given that plants contain over 200,000 metabolites (Manach et
al. 2009), the complexity and diversity of active compounds present in the dietary metabolome of
folivorous non-human primates is likely even greater.
Once ingested, there are three pathways by which the metabolites in food items are
transformed and incorporated into the endogenous metabolome (i.e. the fecal metabolome). Firstly,
in the metabolism of macronutrient compounds (lipids, carbohydrates, proteins), intermediary
compounds are created and circulate or are excreted in the metabolome; these primary and
intermediary compounds may be too biosimilar to endogenous lipids/carbohydrates/proteins to
reliably use as an indicator of dietary intake, as they are also produced through endogenous human
pathways. However, certain essential compounds in this class (i.e. essential amino acids) may offer
some insight into broad dietary inclusion of these compounds.
Second, beyond macronutrient metabolism, the metabolome becomes significantly more
complicated with the inclusion of plant secondary compounds (and other xenobiotic compounds)
that must be processed by the body and may undergo detoxification pathways (Hodges and Minich
2015). Consideration of both their presence in the metabolome and the presence of their derivative
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compounds (byproducts of detoxification) may offer insights into both the consumption of specific
phenolic compounds and clues as to how they are processed by the body if regularly ingested as a
part of daily diet.
Lastly, the fecal metabolome specifically enables consideration of the functional role of
the microbiome, by providing a quantifiable record of the byproducts and waste end-products of
bacterial metabolism within the gut. Microbe-mediate metabolic pathways are of particular interest
in understanding the role and metabolic function of the gastrointestinal microbiome in fermenting
complex plant polysaccharides – and polyphenols – that the host is unable to degrade
endogenously. For example, gallic acid and egallic acid, derivatives of the hydrolysis of
gallotanins, is associated with specific microbial taxa which are uniquely capable of hydrolyzing
these compounds (Kahkeshani et al. 2019).
Leveraging fecal metabolomics in questions of diet and nutritional status can provide
insights into the functional implications of nutrient intake at two levels; firstly, by identifying the
nutritional metabolome (that is to say, the breakdown of nutritional and phytochemical
components in the diet), and second, by identifying the microbiome-mediated metabolome (that is
to say, the metabolites produced by bacterial activity within the gastrointestinal tract, and either
excreted as waste or utilized for bacterial cross-feeding interactions, as component parts of
subsequent metabolic activity, or used directly by the host in primary or secondary nutrient uptake)
(Jones et al. 2012).
4.1.2

Dietary metabolomics

Detailed metabolite analysis of plant samples can help determine whether individuals are
selectively consuming plants to either increase or minimize the consumption of specific
compounds beyond macronutrient composition. For example, Tucker et al. (2010) found unique
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metabolite signatures between Eucalyptus subgenera, and suggested that these differences may
drive dietary niche partitioning in folivorous insects and marsupials that rely on these plants as a
food source. Following this study, Marsh et al. (2015) found that brushtail possums (Trichosurus
vulpecula) actively avoid Eucalyptus subgenera with high levels of B-ring flavonoids, identified
through metabolomic analysis of food and non-food Eucalyptus.
Additionally, both non-targeted and targeted investigations of metabolites in food items
relative to those in endogenous samples have been shown to track the consumption and metabolism
of specific compounds and identify the consumption and fate of fibers. For example, the
consumption of whole-grain versus refined-grained breads can be identified in humans using
specific alkylresorcinol, benzoxazinoid, and phenolic acid metabolites (Zhu et al. 2016). Similarly,
dietary polydextrose fiber has been shown to alter the fecal metabolome by increasing the presence
of undigested fiber metabolites (due to partial degradation) (Lamichhane et al. 2014). Lamichhane
et al. (2014) concluded from this that assessing the fecal metabolome is a potentially useful tool to
test dietary fiber intake and digestion. As to non-human model species, the consumption of lignin
and plant polyphenolic compounds can be tracked in rats; rats consuming diets differing in quantity
of secondary compounds excreted distinct metabolomes indicative of their differing phenolic loads
(Fardet et al. 2008).
To date, little work has examined the relationships between diet and metabolome in nonhuman primates. A study by Amato et al. (2017) demonstrated that food items consumed by black
howler monkeys vary in their metabolite profiles, and that during periods of low fruit abundance,
individuals consume diets higher in plant secondary metabolites. This study also suggested that
individuals appear to regulate their diet in response to the concentration of certain metabolites in
their diets (i.e. oxalic acid, which can impact kidney health) (Amato et al. 2017).
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4.1.3

The development of the metabolome

Similar to the microbiome, fecal metabolomes vary as a function of both diet and across life
history stages. Work in captive animals has demonstrated differential fecal metabolomes
associated with age, maturity, and developmental diet. For example, Deng et al. (2015) found that
the fecal metabolome of kittens aged 8 12, and 16 weeks differed in their lipid and amino acid
profiles. When fed a high-protein, low-carbohydrate diet, the kittens demonstrated additional
differentiation of the metabolome beyond these age-related signatures, reflective of nutritional
profile. In dogs, Beloshapka et al. (2014) found that the consumption of resistant starch increased
the presence of endogenous metabolites related to carbohydrate metabolism, and decreased the
presence of metabolites related to amino acid metabolism. In rats, high fructose diets contributed
to distinct fecal metabolome profiles, and several metabolites were identified as biomarkers of
pathologies related to high fructose consumption (non-alcoholic fatty liver disease) (Wei et al.
2015). Lastly, in humans, and specifically during development, Chumpitazi et al. (2014) found
that children with irritable bowel syndrome showed unique fecal metabolomes in response to a
low fermentable substrate diet. This finding is important to questions of nutritional ontogenesis in
suggesting that differences in the fecal metabolome can identify differential metabolic responses
to similar diets based on gastrointestinal condition.
As discussed in Chapter 2, immature individuals face reduced capacity for macronutrient
absorption. Another metabolic limitation in immaturity is the ability to mitigate the energy cost of
consuming plant secondary compounds. When consuming high levels of plant secondary
compounds, animals can compensate for the associated energy costs through increased energy
intake (Sorenson et al. 2005) or decreased energy expenditure (Sorenson and Dearing 2004).
Alternatively, ‘detoxification’ pathways are biochemical processes that alter xenobiotic
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compounds to mitigate their disruptive effects. These processes include functionalization
reactions, conjugation with large polar molecules, or cellular efflux transport, each of which
contribute specific end-products and compounds to the metabolome (Johnson et al. 2012). One of
the most common conjugation pathways is glucuronidation, where glucuronic acid is added to
xenobiotic molecules, increasing their hydrophilicity to allow for faster excretion of the toxic
compound (Foley 1992).
However, these many of these pathways are not fully developed in immature individuals,
such that immature individuals can be more susceptible to metabolic disruption from secondary
compounds (Ginsberg et al. 2004). Given their lower capacity for endogenous detoxification,
immature individuals may not be able to consume plant secondary compounds at adult levels.
Instead, immature individuals may compensate through deliberate avoidance of food items high in
secondary compounds, irrespective of the availability/abundance of these foods. For example, in
black-tailed deer, fawn mortality is correlated to the availability of oak forage, which is low in
tannin content, despite high availability of Ceanothus spp., a high-tannin shrub consumed
commonly by adults in the same group (Forrester et al. 2019).
4.1.4

Study goals
To date, limited studies have explored the metabolome of non-human primates. These

include lowland gorillas (Gomez et al. 2015), mountain gorillas (Gomez et al. 2016), black howler
monkeys (Amato et al. 2017), Japanese macaques (Cox et al. 2009), and rhesus macaques
(O’Sullivan et al. 2013). No studies, to our knowledge, have considered developmental shifts in
metabolite profiles as a function of systematic observations of nutrient intake and daily diet
composition. The primate fecal metabolome has potential to be insightful in identifying both diet
and microbe-derived microbial metabolites (i.e. the small molecules that result from metabolic
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activity of the bacteria in the gut). As such, metabolomic analyses allow us to identify the
functional potential and contribution of bacterial groups to host metabolic processes and nutritional
outcomes.
Within the genus Gorilla, metabolite profile differences contribute to distinct metabolomic
profiles. In western lowland gorillas, the fecal metabolome is highly diverse, and comprised
predominantly of lipid-derived metabolites (38%) (Gomez et al. 2015). This is contrasted with the
fecal metabolome of mountain gorillas, which is more homogeneous, redundant and comprised
predominantly of metabolites resulting from the breakdown of plant cell walls (organic and
aromatic acids, amino-acid metabolites, and sugar monomers) (Gomez et al. 2016). These findings
are consistent with the mountain gorillas’ folivorous diet.
This study provides a complementary examination of the nutritional and dietary strategies
employed across development in mountain gorillas (Gorilla beringei) by considering the postingestive implications of diet and nutrient intake in two ways. Firstly, by profiling the fecal
metabolome to provide insights into the endogenous and microbe-derived breakdown of nutritional
and phytochemical components in the diet; and secondly, by evaluating the relationship between
diet composition, nutrient intake, and microbiome composition, to consider how nutrient intake
and diet alter the composition and (implicitly) function of the gastrointestinal microbiome across
age groups and developmental stages. In particular, this study will evaluate the following
hypotheses:
1. The fecal metabolite profiles of immature individuals will differ from those of mature
individuals. Specifically,
1.1. Infants will demonstrate higher proportions of lipids and milk-derived oligosaccharides;
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1.2. Adult (and, to a more limited extent, juvenile) individuals will demonstrate higher
proportions of organic acids, phenolic compounds, and metabolites associated with
microbial-mediated polysaccharide degradation.
2. Specific metabolites will be differentially abundant both among and between age classes,
indicative of features that reflect age- and stage-specific nutritional, dietary, or
biophysiological status.
3.

The fecal metabolite profiles of infants and juveniles will differ from those of adults,
suggestive of differentiation in microbiome function and distinct age- and stage-related
microbial activity.

4. Fecal metabolite profile differentiation between age classes will be driven in part by fiber
consumption and relative reliance on high-fiber resources.
5. Similarly, differentiation between microbiome communities will be driven in part by
diet/nutrient intake and associated selective pressures on the bacterial taxa.
6. Metabolite-microbe associations will differ across age groups, suggesting functional
differences in the microbiome responsive to substrate availability.
4.2
4.2.1

METHODS
Study site and subjects
Bwindi Impenetrable National Park (BINP) is a small national park characterized by

rugged mountainous rainforests in southwestern Uganda. The ecological characteristics of BINP
are described in detail in Chapter 2. There are presently 11 groups of mountain gorillas habituated
within the park for either tourist or research observation. Data for this study were collected from
three of these eleven groups: Mubare (M), Rushegura (R), and Habinyanja (H). The age group
composition of these groups is discussed in detail in Chapter 2, but briefly, the three groups include

165

23 immature individuals who were monitored on a rotating basis throughout the study period.
While fecal samples were collected from all individuals across all three groups as a survey,
behavioral and nutritional data was collected for immature individuals and for adult females, to
provide a comparative point and control for potential maternal effects.
4.2.2

Fruit intake

Fruit intake, as measured by relative proportion of total wet weight food intake on a monthly
basis, was used as a proxy for seasonality/fruit availability. Fruit intake is presented as either high,
or low, with high fruit intake months defined as months where fruit intake exceeded the annual
fruit intake average of 15%.
4.2.3

Fecal collection
Fecal samples used for metabolite analysis followed the same protocols as collection for

microbiome sequence analysis (see Chapter 3). Across the study period, a total of 137 samples
were collected, 97 of which came from known individuals (40 assigned to age class based on bolus
size during nest sweep). Samples were collected from all adult members, both male and female,
along with the target infant and juvenile (immature) individuals, as a comparative measure for
mature microbiomes and to account for sex as a potential effect on microbiome composition.
Fecal samples for metabolomic analysis were selected as a subset based on multiple
inclusion/exclusion criteria; firstly, only samples from opportunistic collection from known
individuals were considered; secondly, only samples that produced microbiome sequence results
above the quality threshold defined in Chapter 3 were considered; finally, of the remaining
samples, 50 samples were selected based on their discriminatory power from PLS-DA analysis of
microbiome beta diversity.
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In all cases, tubes containing 15mL of 98% ethanol were weighed and prepared prior to
fecal collection. Upon defecation/retrieval from nests, the sample was taken from the core of the
stool (to minimize the sample’s exposure to oxygen) using a sterile instrument, and submerged
immediately in ethanol in the collection tube. Sample tubes were weighed to capture the sample
weight. Fecal samples were stored at room temperature in ethanol until time of transit.
4.2.4

Diet and nutrition
Diet and nutrient data follow the same protocols as described in Chapter 2. In order to match

dietary and nutritional information to fecal samples, all diet and nutrition information used is taken
as the average value of all focal samples in the seven days preceding and following the
opportunistic collection of a direct fecal sample from a known individual. This resulted in 65 fecal
samples for which there was at least one four-hour focal follow (usable) in the acceptable time
range surrounding fecal collection. In 50 of these samples, only a single focal follow was available,
and thus acts as the basis for defining that individual’s “typical” diet at the time of fecal collection.
For the remaining samples, the “typical” diet is defined as the mean value of daily totals in the
designated two-week period surrounding fecal collection. Only two samples were based on three
focal follow days; the remaining 13 were the average of two focal follows. While this opportunistic
pairing of diet and microbiome data is a rough proxy of typical diet, due to daily variability in diet
and availability of specific food resources, this diet dataset should not be used in causative
inference of microbiome community function or composition. Rather, this information provides
insight into overarching trends in the diet in terms of macronutrient intake patterns and broad
dietary categorizations. In order to obtain more precise resolution into the relationship between the
diet and microbial activity in the gastrointestinal tract, it is crucial to also leverage metabolomic
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insights which can further be used to corroborate diet through the identification of food-specific
metabolites.
4.2.4.1 Plant sample collection
Ingested plants were collected following observations of consumption, if possible. If
collection following ingestion was not possible, a sample of the plant consumed was collected as
soon as possible after the observation of its consumption. After collection, plants were processed
identically to how the focal individual processed them for consumption, resulting in a ‘prepared’
food item for analysis. Food items were weighed (wet), and then dried and milled using a Wiley
Mill with 1-mm screen (Rothman et al. 2012). Dried, milled samples were shipped to the Primate
Nutritional Ecology Laboratory at Hunter College (New York) for analyses. A total of 103 unique
food items were collected over the study period. Some consumed foods could not be collected due
to inaccessibility or inability to collect a sufficiently comparable item (i.e. consumption of ripe
fruit where only accessible fruits were unripe). In instances where food items could not be
collected, an average value based on the extensive database maintained by Hunter College’s
Primate Nutritional Ecology lab were used during calculations/analysis of data.
4.2.4.2 Wet chemistry
Nutritional analyses were conducted at Hunter College’s Primate Nutritional Ecology lab.
Each unique food item was analyzed for macronutrients (lipids, available protein, nonstructural
carbohydrates), along with fiber (hemicellulose, cellulose, and lignin) and tannins. Digestible fiber
was analyzed through neutral and acid detergent fiber (NDF and ADF), and lignin through acid
detergent lignin (ADL) protocols (Van Soest et al. 1991; 1994). Lipid content was measured
though ether extract (Rothman et al. 2012). Crude protein (CP) was measured via combustion
(Rothman et al. 2012). Following crude protein analysis, available protein was calculated through
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combustion after fiber degradation, based on acid detergent insoluble nitrogen protocol (Rothman
et al. 2008). Ash (inorganic material) was measured by combustion. Total non-structural
carbohydrates were measured indirectly through subtraction from total plant mass (Rothman et al.
2012). All nutrient values are presented on a dry matter basis.
4.2.5

Microbiome analysis
Methodology for extracting DNA and sequencing microbiome samples follows the same

protocol as described in Chapter 3. Briefly, fecal samples were shipped to the lab of Dr. Jessica
Rothman (Hunter College, New York), for DNA extraction prior to sequencing. DNA extraction
followed a modified protocol from the QIAamp PowerFecal DNA kit (QIAGEN). Following
extraction, samples were sequenced via 16S rRNA high throughput sequencing. Sequencing
considered the V4 region of the 16S rRNA gene. Samples were multiplexed and sequenced the
product of amplification using the Illumina MiSeq sequencing platform (Illumina, San Diego,
USA). After sequencing, MiSeq reads were quality processed and binned reads into Amplicon
Sequence Variants (ASVs) using the DADA2 pipeline (Callahan et al. 2016), and taxonomically
annotated using a variety of scripts within the QIIME2 software (Bolyen et al. 2018).
4.2.6

Metabolomics
In preparing fecal samples for DNA extraction 1.5mL of homogenized fecal matter in

ethanol were stored in sterilized 2mL Eppendorf tubes and frozen immediately for storage. Once
all samples were sequenced and samples were selected for metabolite analysis 100mg of sample
was transferred into a clean tube and covered with 0.5mL of methanol for transport to the
metabolomics laboratory at the University of Illinois (Urbana-Champaign, IL). Samples were
transported in dry ice overnight. Three of the 50 samples sent for analysis were contaminated upon
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arrival, with no remaining fecal sample for re-submission. Thus, the final metabolomic dataset
comprised 47 fecal samples.
Metabolite analysis was conducted using GC/MS profiling, with ethyl esters combined to
un-esterified compounds to account for field storage in ethanol. Once characterized according to
peak intensity, compounds were identified through the human metabolite database (Wishart et al.
2018), yeast metabolite database (Jewison et al. 2012), KEGG encyclopedia (Kanehisa et al. 2019)
and CHEBI (Hastings et al. 2016) in order to classify them by type, parent compound, and
derivative compounds.
4.2.7

Statistical analysis
Metabolite analysis were conducted using MetaboAnalyst software (Xia and Wishart 2016).

To handle the zero-inflated, sparse nature of the dataset, 0 values were imputed with small value
(0.115), and near constant values as determined by interquartile range were removed. Samples
were normalized by age group, following which feature concentration values were log-normalized
and auto-scaled (mean-centered, then divided by standard deviation for each feature). Once
normalized, differences in abundance of specific features was assessed using ANOVAs and Tukey
Post-Hoc tests with Bonferroni correction. The presence of distinct age-associated metabolite
profiles was assessed using partial least squares discriminant analysis (PLSDA), and crossvalidation was measured through Q2, which evaluates error across predicted categorizations
(Szymańska et al. 2012). Due to the small sample size of metabolite data available, most notably
among juvenile individuals (n=3), juvenile samples were pooled with infant samples for
consideration, into the broader category of “immature” individuals. Cross-validation of analyses
using this binary classification as opposed to finer resolution age classes confirmed the
appropriateness of this approach.
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Random Forest classifier analysis to support PLSDA classifications were built using the
RandomForest package in R (Liaw and Wiener 2002), according to 80/20 holdout principle for
classifier validation. Area-under-curve and receiver-operating-characteristics were calculated
using a custom script in R with supportive functions from the ROCR package (Sing et al. 2005).
To evaluate the impact of diet and nutrient intake on microbiome composition and diversity,
first diet and nutrient intake was clustered into discrete clustering using partial-around medoid
(PAM) clustering methodology. PAM clusters corroborated with age classes and fruit intake
levels, suggesting diet and nutrients can be appropriately clustered in this manner. PAM clusters
were then used as categorical variables in statistical comparisons of alpha diversity metrics.
To evaluate the impact of diet and nutrient intake on both microbiome composition and
metabolome profile, Canonical Correspondence Analysis (CCA) conditioned on group and fruit
intake was used to first isolate the effects of age in microbiome composition, and subsequently test
the effects of diet and nutrients in three ways. Firstly, diet was considered as wet weight intake per
food category. Secondly, nutrient intake was considered through scaled dry matter intake of major
macronutrients (digestible carbohydrates, protein, and lipids). In order to consider specifically the
impact of indigestible compounds by volume/dry matter intake, nutrient intake was additionally
characterized through absolute (not scaled) dry matter intake by specific dietary compound
(nonstructural carbohydrates, protein, lipids, hemicellulose, cellulose, and lignin).
4.2.8

Network analysis

Microbe-metabolite co-occurrence matrices were generated using compositionality corrected
by renormalization and permutation (CCREPE) in R (Bielski and Weingart 2019), and visualized
using CytoScape 3.0. Tools within CytoScape (NetworkAnalyzer) were used to generate network
and node attributes including betweenness centrality, clustering coefficient, neighborhood
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connectivity, and closeness centrality. A custom function in R was used to statistically compare
network and node attributes and generate summary statistics. Network modularity was calculated
through Gephi with statistical mechanics by Blondel et al. (2008).
4.3
4.3.1

RESULTS
Metabolome composition
The fecal metabolome of immature individuals differs from that of adults, notably in terms

of lower concentration of organic acids. GC/MS analysis of metabolites detected a total of 220
identifiable compounds, comprising predominantly organic acids and lipids (28% and 25%
respectively). Other contributing compound classes included carbohydrates (15%), alcohols (7%),
benzenoids (6%), peptides (6%), and terpenoids (4%) (Figure 1). Within the organic acids, the
majority of identified compounds were carboxylic acids (75%); within the lipids, the majority of
identified compounds were fatty acyl groups (63%) and sterol lipids (20%).
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Figure 4-1 – Composition of the fecal metabolome between immature (infant and juvenile) and
mature individuals). Each bar represents a single fecal sample analyzed for metabolite
concentration.
Concentration of alcohols (F=3.472, p=0.031), benzenoids (F=3.672, p=0.026),
carbohydrates (F=6.066, p=0.002), peptides (F=4.39, p=0.012), and terpenoids (F=3.013,
p=0.050) differed significantly between age classes. These differences were driven predominantly
by pairwise differences between infants and adults. In terms of developmental stage (immature
versus mature individuals), alcohols (t=-2.088, p=0.045), benzenoids (t=-2.13, p=0.033),
carbohydrates (t=-2.615, p=0.009), and peptides (t=-2.24, p=0.025) differed significantly.
4.3.2

Age-specific metabolite profiles
A PLSDA showed that fecal metabolomes cluster by age group among Gorilla beringei

(Figure 2). 10-fold cross validation of 5 components indicated significant discrimination
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(R2=0.903, Q2=0.51, p=0.01). Further differentiation can be elucidated when considering
distinctions only within immature individuals (infants and juveniles), but are non-significant
(R2=0.89, Q2=0.14, p=0.086) (Figure 2). This indicates distinctions between mature and
immature individuals are clearer than those within immature individuals (infants and juveniles).

Figure 4-2 PLS-DA for age groups (left) and considering only immature individuals (infants and
juvneiles).
4.3.3

Differentially abundant metabolites
A random forest classifier with 20% test hold-out was built to confirm the ability of

developmental stage to be classified according to fecal metabolite profile; the classifier
demonstrated 14.89% out of bag error on training data and 100% accuracy in test data, with an
AUC of 1 for both classes. In terms of discriminant features, the classifier identified predominantly
long-chain fatty acids, carboxylic acids, and sterol lipids as differentially abundant across age
groups
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T-tests on individual metabolite features identified 40 metabolites that differed
significantly between immature and mature individuals (Figure 3a), and . Of these, the majority
were fatty acids (37.5%), carboxylic acids (17.5%) and sterol lipids (15%). When considered by
age-class (i.e. infant, juvenile, adult), there were 14 metabolites that differed significantly in their
concentration

(Figure

3b)

Figure 4-3 - Heat map showing relative concentration of differentially abundant metabolites in
the fecal metabolome of (a) immature and mature individuals on the left, and (b) distinct age
groups (infant, juvenile, and adults) on the right.
4.3.4

Diet, nutrients, and metabolome differentiation
Canonical correspondence analysis conditioned by age demonstrated that specific dietary

components contribute to differentiation of the metabolome, with specific feature presence and
abundance associated with the increased dietary presence of milk, leaves, and fruit. Milk is an
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important variable in driving differentiation between infants and adults/juveniles, while young
leaves are important in differentiating adults and juveniles from most infants (Figure 4).
In terms of nutrients/food compounds, fiber intake was discriminant towards adult and
juvenile fecal metabolomes, suggesting that the impact of fiber on metabolomics and, potentially,
on microbiome community composition/function becomes more important following weaning.
Instead, the infant metabolome is driven predominantly by lipid and protein consumption, likely
reflecting higher intake and presence of lipid- and protein-derived metabolites from continued
reliance on mother’s milk.
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Figure 4-4 - CCA showing the effect of nutrients and diet items on driving differentiation between
adult and infant fecal metabolomes. Top CCA demonstrates metabolite differentiation as a
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function of food category consumed, middle as a function of total volume (on a dry matter basis)
of fibers consumed, and bottom as a function of relative proportion of macronutrients consumed.
4.3.5

Diet, nutrients, and microbiome differentiation
The relationship between microbiome composition and diet was established first by

classifying individual diet composition as a function of daily energy intake by food source. PAMclustering identified 7 discrete diet clusters. Each cluster corresponded to a unique age and fruit
intake group, supporting prior assertions that diet composition varies as a function of age and
seasonality. Infants clustered into two unique dietary clusters during high fruit periods, most likely
related to stage-dependent contribution of milk to daily diet and energy balance.
The microbiome associated with dietary clusters (dietary profile) differed modestly in their
alpha diversity, suggesting that dietary differentiation plays a role in age-associated differentiation
in microbiome diversity (Figure 5). Considering alpha diversity in the microbiome as a function
of PAM clusters as opposed to by age class only provides support for the concept that age-related
differentiation in microbiome diversity is driven, in part, by dietary ontogenesis and by
differentiation in the diets consumed by individuals across age classes.
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Figure 4-5 – PAM Clusters demonstrating diet type clustering by dietary composition groups
according to age and fruit intake (top) and microbiome alpha diversity (Shannon’s H-Index)
across different diet types in both high and low fruit intake. Significant pairs are denoted by the
p-value above brackets.
Beyond alpha diversity, canonical correspondence analysis conditioned by age
demonstrated that specific dietary components drive differentiation of the microbiome among age
groups, with specific ASV presence and abundance associated with the increased/decreased
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dietary presence of milk, pith, leaves, and fruit (Figure 6). However, these associations did not
fully explain the extent of beta diversity differentiation between age groups.

Figure 4-6 - CCA showing the effect of diet items on driving differentiation between adult and
infant microbiomes. Milk, unsurprisingly, plays a large role in differentiating the composition of
the infant microbiome from those of both adults and juveniles.
4.3.6

Nutrient profiles
Similar to dietary profile, nutrient profiles were established based on PAM-clustering of

relative protein, carbohydrate (including NDF, corrected for digestibility as per Chapter 2) and
lipid energy. Nutrient clusters similarly fell into unique groups based on age and fruit intake, with
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greater distance among clusters (representing more distinct patterns of nutrient intake). Alpha
diversity was significantly higher in the nutritional profiles exhibited by juveniles in both low and
high fruit intake (Figure 7).
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Figure 4-7 PAM Clusters by nutrient intake (relative intake of macronutrients) clusters groups by
fruit intake and age (top), suggesting that microbiome alpha diversity (Shannon’s H-Index) reflects
different nutrient ‘profiles’/clusters in both high and low fruit intake. Significant pairs are denoted
by the p-value above brackets.
In terms of nutrients driving microbiome differentiation, canonical correspondence
analysis conditioned by age demonstrated that relative protein intake played a role in the presence

184

of ASVs associated with infants, while adult and juvenile ASVs were driven more by relative
carbohydrate and lipid energy intake.

Figure 4-8 CCA demonstrating influence of nutrient intake with (bottom), and without fiber (top).
When fiber is included, they become the dominant determinant driving differentiation between
infant and juvenile/adult microbiome communities. When considering intake of macronutrients
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(lipids, nonstructural carbohydrates, and protein), lipid and proteins are the most polarizing
variables, with protein driving increased abundance of specific taxa among infants
4.3.7

Metabolite-microbe associations
Network analysis of metabolite-microbe associations suggested that interactions between

metabolites and microbiomes differed between developmental classes. Network density was
higher among mature individuals (0.78) relative to immature individuals (0.027). Network
heterogeneity was also higher among mature individuals (1.198) relative to immature individuals
(0.05) (Table 1). This suggesting functional differences in the microbiome responsive to substrate
availability. Relationships affiliate differently among age classes, varying in the strength of their
associations, the closeness of their overall network, and the amount of clustering observed
Table 4-1 - Network characteristics for age classes, and for adults between seasons
NETWORK

Network
diameter

MATURE
IMMATURE

9
5

Number of
Modules/
Communities
7
3

Number
of Nodes

Network
heterogeneity

Network
Density

104
41

1.19
0.05

0.79
0.027

Co-occurence network statistic values differed within networks between age classes in
terms of average shortest path length (F=12.215,p<0.001), neighborhood connectivity
(F=8.54,p<0.001), closeness centrality (F=10.94,p<0.001), but not in terms of betweenness
centrality (F=1.82,p=0.07) (Table 2).
In particular, mature individuals demonstrated higher neighborhood connectivity and lower
average shortest path length relative to immature individuals. The immature network demonstrated
significantly lower connectivity, and higher closeness centrality (Figure 9-10).

186

Table 4-2 - Network statistics for mountain gorilla co-occurrence networks. Significantly
different values denoted by paired superscript letters.
Average
NETWORK

Neighborhood

Closeness

Betweenness

Connectivity

Centrality

Centrality

Shortest
Path Length

MATURE

3.314±0.09a

9.26±0.75b

0.33±0.01c

0.06±0.01

IMMATURE

1.66±0.09a

2.55±0.23b

0.71±0.03c

0.13±0.03

Figure 4-9 - Mature metabolite-microbe network. Networks are arranged through a prefuse forcedirected algorithm, and are not spatially meaningful.
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Figure 4-10 - Immature metabolite-microbe network. Networks are arranged through a prefuse
force-directed algorithm, and are not spatially meaningful
4.4

DISCUSSION

4.4.1

Key features of the mountain gorilla metabolome

The fecal metabolome of mountain gorillas offers a tantalizing level of detail regarding the
consumption of specific food resources and their metabolic fate. In particular, this study, which
provides the largest library (to our knowledge) of fecal metabolome samples among mountain
gorillas, provides insights into the metabolic fate of some plant secondary compounds. For
example, the presence of Octacosonol among all individuals (irrespective of age) in the fecal
metabolome suggests that this fatty alcohol, present in the epicuticular wax of Eucalyptus spp. and
Acacia spp. leaves (Wishart et al. 2018), is partially or completely unmetabolized by gorillas.
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The mature mountain gorilla metabolome defined in this study lends support to previous
observations made regarding the mountain gorilla metabolome, which found that relative to the
western lowland gorilla metabolome, mountain gorilla metabolomes had high concentrations of
organic acids and low concentrations of long-chain fatty acids associated with frequent ripe fruit
consumption (Gomez et al. 2016). Given the diverse folivorous nature of the mountain gorilla diet,
it is difficult to compare the metabolome of mountain gorillas to that of modern humans; however,
studies of metabolomics in other non-human primates also that diversity in types of foliage
supports diversity and integrity of the metabolome (Greene et al. 2018).
4.4.2

The mountain gorilla metabolome across development

The fecal metabolome of mountain gorillas showed specific, distinct features associated with
immaturity, many of which may be indicative of an underdeveloped ability to break down (either
endogenously or through microbial metabolism) plant-derived secondary compounds. For
example, the increased concentration of cinnamic acid among immature individuals relative to
mature individuals might suggest that the pathways for metabolizing this phenolic compound is
not yet developed or not fully developed among immature individuals. Cinnamic acid is a
phenylpropanoid that is naturally occurring among many all green plants (Guzman 2014),
synthesized during the biochemical production of lignins (Xu et al. 2009). In humans and model
animals, cinnamic acid is metabolized predominantly into hippuric acid (Hoskins et al. 1984;
Nutley et al. 1994), which was found in the fecal metabolome of mountain gorillas as well. Caffeic
acid also plays a role in the promotion of glucose metabolism and the suppression of
gluconeogenesis (Huang and Shen 2012).
Apart from cinnamic acid, the majority of metabolites that demonstrated increased
concentration among immature individuals were lipids and lipid-derived metabolites. For example,
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increased concentration of epicoprostanol among immature individuals suggests differences in
lipid profile/intake (Alberts et al. 1992; Wishart et al. 2018); given that lipid intake among gorillas
is extremely low (see Chapter 2), it is likely that these differences are more subtle than
consideration of lipids as a macronutrient class. Rather, as has been observed among rats,
epicoprostanol levels are likely associated with animal-derived lipids and proteins such as casein
(Sulpice et al. 1978) – which is consistent with the profile of lipids and proteins that would be
consumed in mother’s milk, to the exclusion of solid food diets.
Another increased lipid metabolite observed among infants was coprostan-3-one, a metabolic
product of cholesterol associated with cholesterol reduction by the gastrointestinal microbiome
(Bethell et al. 1994) and by cholesterol metabolism pathways that are implicated in infant milk
metabolism and in response to breastmilk consumption (Nestel et al. 1979). In baboons, breastfed
infants demonstrate more effective cholesterol metabolism than formula-fed baboons, irrespective
of cholesterol concentration in the formula diet (Mott et al. 1985). Additionally, infant cholesterol
metabolism can be impacted by phytoestrogen consumption (Cruz et al. 1994) – among gorillas,
8.8% of dietary food items contain estrogenic compounds (Wasserman et al. 2012), many of which
were consumed by infants (albeit in low quantities).
Among mature individuals, the majority of differentiated compounds showing increased
concentration were organic acids, phenolic compounds, and plant-derived fatty acids/alcohols. In
this way, the difference between the mature mountain gorilla metabolome and the immature
mountain gorilla metabolome parallel the differences previously observed between the western
lowland gorilla metabolome and mountain gorilla metabolomes (Gomez et al. 2016). This is
consistent with dietary findings (see Chaper 2), which indicate the infants consume lower
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proportions of leaves, pith, and other high-fiber dietary resources, and higher proportions of
nutritionally dense/available food resources (i.e. milk, fruits).
Of specific note, the mature metabolome is characterized by high levels of phytol, a fatty
alcohol abundantly present in the gorilla diet as a constituant of chlorophyll (van der Brink et al.
2004). The breakdown product of phytol, phytanic acid (3,7,11,15-tetramethyl hexadecenoic acid)
is also more concentrated in the fecal metabolome of adults, suggesting both that adults are
consuming greater absolute levels of phytol, but also a greater capacity for the metabolism of
phytol once consumed. Previous work has established that great apes derive high levels of phytanic
acid through hindgut fermentation, and possess specific genetic adaptations to metabolize high
phytanic acid loads (Watkins et al. 2010). Given the relationship between phytanic acid and
hindgut fermentation, it is possible that infants demonstrate lower levels of phytol and phytanic
acid as a result of functional differences in their microbiome capacity for fermentation.
Lastly, the fecal metabolome of infants is differentiated from that of both juveniles and adults
through its lower concentration of two butrytic acids (3,4-Dihydroxybutanoic acid and 4hydroxybutanoic acid). Butyritic acids are formed through bacterial fermentation of plant
polysaccharides, and are a metabolic intermediary to the end-product fermentation result of
butyrate (Wishart et al. 2018). This is consistent with other findings in great apes and folivorous
non-human primates, with butyrate producing bacteria (mainly of the phylum Firmicutes) being
abundant in the gut and playing a functional role in the fermentation of fibrous diets and production
of butyrate for use as a source of energy for colonocytes and for uptake through colonic absorption
(Greene et al. 2019; Gomez et al. 2016; McKenney et al. 2018). Given that juveniles represent a
post-weaning period of development, where milk is no longer a food resource (and therefore, milk
compounds are no longer a relevant influence on the structure and function of the gut microbiome),
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increased butyritic acid and convergence with the mature condition of a high butyrate producing
gastrointestinal microbiome is consistent with our expectations.
4.4.3

The microbiome, nutrition, and microbe-derived metabolites

In discussing the concentration, origin, and differentiation of the metabolome, it becomes
clear that these findings are most relevant in light of observed differences in diet and nutrient
intake, which act as the parent-compounds for the derived metabolites in the metabolome, and as
substrate for bacteria and selective forces in the composition of the microbiome. The canonical
correspondence analysis suggested that while both diet composition (food items consumed on a
wet weight basis) and nutrient intake contributed to the differentiation between the adult, juvenile,
and infant microbiomes and metabolomes, the amount of variability explained by these factors
alone was fairly low (~10% in the first 3 components). This is not entirely surprising, given the
difference in resolution between gross measures of macronutrient intake and fine-scale, complex
metabolic products and high-resolution ASVs. As discussed in previous chapters, the postingestive bioavailability, regulation, and metabolism of nutrient compounds is sensitive to myriad
intrinsic and extrinsic variables, as well as interactive effects. In a wild setting, without invasive
methods or experimental control, a certain amount of noise is to be expected; even still, this multilayered library represents the most comprehensive examination of diet, nutrition, microbiome, and
metabolome analysis in great apes, and is a critical first-step in understanding the high-level
relationships mediating these dynamic and complex systems.
With these limitations in mind, the canonical correspondence analysis indicated that the
microbiome of infants is most strongly influenced by the intake of protein in the diet. While recent
literature increasingly supports that the microbiome plays a larger role than previously assumed in
proteolysis (He et al. 2017; Vieira-Silva et al. 2016; Yadav et al. 2018), this does not necessarily
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imply that the infant microbiome is more proteolytic than that of adults and juveniles. Rather, this
result should be interpreted with caution in suggesting that protein in the gastrointestinal tract has
a greater selective influence on the composition of taxa in the gut. In this sense, this finding is
consistent with the notion that the infant gastrointestinal tract, as a whole, is less effective than that
of a mature individual, with reduced capacity for nutrient absorption in the stomach and small
intestine (see Chapter 2 for further discussion). Protein, in infants, may play a role in shaping the
microbiome not due to a functional or biophysiological need for proteolysis in the colon, but could
instead be related to a greater amount of protein (particularly protein bound to secondary
compounds for which infants have not yet developed metabolic pathways to endogenously
process) remaining undigested/unabsorbed by the time ingested food passes to the colon.
In this respect, the finding that carbohydrates are not largely discriminant between infant and
adult/juvenile microbiome assemblages is more understandable; given the important functional
contribution of carbohydrates to the gastrointestinal microbiome, and the presence of
carbohydrates universally in the diet (albeit at differing levels), both the infant and adult
microbiome are subject to similar pressures in regards to carbohydrate consumption. However,
when carbohydrates are considered not in terms of digestible carbohydrate sources (hemicellulose
and nonstructural carbohydrates together), but separately considered in terms of each carbohydrate
source and inclusive of complex, indigestible carbohydrates (namely, cellulose and lignin), the
direction of influence shifts, and non-structural carbohydrates are shown to drive the
differentiation of the infant microbiome, whereas complex carbohydrates (hemicellulose, cellulose
and lignin) drive differentiation of the adult and juvenile microbiome.
In terms of nutrient and dietary drivers of fecal metabolome, the influence of nutrients
mitigates some of the separation between age classes viewed when considering metabolome
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profile alone. This is likely due to the highly variable nature of the infant and juvenile diets, and
the wide range of developmental variability presented within each of these age groups. For
example, infants in this study ranged in age from newborn to 4 years of age, and ranged in their
developmental maturity from milk-exclusive to opportunistically consuming milk on an infrequent
basis. As such, it is expected that we would see a wide range of metabolome profiles among the
age group, with some older infants displaying select characteristics (metabolite features, for
example), that have converged with the adult state. Even despite this attenuation of age effects, the
canonical correspondence analysis demonstrates that complex carbohydrate intake (hemicellulose,
cellulose, and lignin) drives differentiation of adults from most infants, and that stage-dependent
dietary resources (milk intake) drives differentiation of most infants from adults and juveniles.
Given that metabolites are representative of the actual end-product of ingested nutrients, the
fecal metabolome is likely more sensitive and more rapidly shifts in conjunction with ontogenetic
changes in the diet (i.e. temporary cessation in milk intake). Thus, it is possible that an infant who
had not consumed milk during the focal follow surrounding the fecal collection demonstrated a
more mature metabolome. In contrast, their microbiome likely retained the taxa/assemblage
associated with milk intake throughout these fluctuations, until complete, prolonged cessation of
milk consumption, and therefore acts a stronger, more robust indicator of nutritional development
and dietary transition.
4.4.4

Concluding Remarks
The metabolism of food compounds into constituent parts has significant implications for

the activation, regulation, and promotion/suppression of other metabolic pathways in the body
(i.e. suppression of gluconeogenesis associated with high levels of phytic acid), and the
microbiome has cascade effects to nearly every biological system in the body. Many pathways
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and systems that are regulated through metabolite presence/absence and microbiome community
during development create “programmed” changes to the systems they alter during this critical
window; thus, it is crucial we pay close attention to even subtle dietary differences during
development, as they may result in profound changes to adult phenotype and adaptive strategies
through these interactive webs.
This examination of the complex interrelationships across microbiome, diet, nutrition,
and metabolome support the growing body of literature that paints a highly complex, highly
dynamic picture of the process of digestion and metabolism of nutrients. It is clear that fibers
(hemicellulose, cellulose and lignin) and fibrous food items (specifically, pith and leaves) play
an important role in differentiating both the mature metabolome and microbiome among
mountain gorillas. The role of the microbiome and microbial metabolism in nutrient extraction
among mature mountain gorillas is clear, though it is less clear whether these signals are less
present among immature individuals due to a lack of exposure (i.e., infants are fiber avoidant in
their feeding behaviors) or due to a lack of capacity for microbial degradation of plant
polysaccharides (i.e., the infant gut lacks keystone taxa associated with fiber processing).
Of particular note in a comparative context, the infant metabolome among mountain
gorillas is more similar to that of the more frugivorous Western lowland gorillas (Gomez et al.
2016) in demonstrating higher levels of plant sterols and long-chain fatty acids. This raises
interesting questions about dietary and nutritional ontogenesis in the genus Gorilla, particularly
as it relates to the accelerated life history trajectory observed among mountain gorillas (Stoinski
et al. 2013). This acceleration of life history has been attributed to nutritional differences, but the
similarity of the infant metabolome and nutrient profile to that of Western Lowland gorillas may
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suggest that there are alternative factors in the ecology of mountain gorillas that contributes to
their accelerated life history patterning.
Lastly, it should also be noted that these interactions offer a very limited view into the
complex metabolic processes that occur post-ingestively. The fecal metabolome characterizes the
metabolites that are present in the colon, but may not include metabolites or metabolic
transformations that occur in the stomach or small intestine (within the gastrointestinal tract).
Additionally, especially in considering the metabolism of phenolic compounds, the fecal
metabolome may not provide a full characterization and in vitro metabolomic analysis would be
required to detect their presence and metabolism across different cells (Catalan et al. 2017).
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5

CHAPTER 5: CONCLUDING REMARKS

5.1 General conclusions
This dissertation offers a comprehensive, multilayered examination of mountain gorilla
(Gorilla beringei) nutritional ontogeny. The results from these studies informs our understanding
of how great apes have adapted to survive through the challenges of infancy and juvenile
development in an extreme ecological context. Specifically, the findings of these studies show that
immature mountain gorillas face unique biophysiological constraints in consuming a fully adult
diet, as evidenced by a) patterns of nutrient intake, b) the presence of specific, nutrient-associated
bacterial taxa that differ according to both age and milk intake, and c) abundance of whole phenolic
compounds in the fecal metabolome and diminished concentration of their derivative/metabolic
end-products.
Many of these differences are subtle, but this is to be expected when parsing transitional
developmental stages like weaning and early juvenility (post-weaning), where many diet and
nutritional strategies have been partially developed, and the immature individual is beginning to
converge to the adult condition. By examining post-ingestive strategies, this dissertation has
offered new insights into potential adaptations, or constraints, which contribute to the observed
pattern of variability among the species in life history patterning, and the relatively early pace of
weaning and growth cessation relative to more frugivorous western lowland gorillas.

5.2 Feeding development in constrained environments
Broadly, the dietary development of mountain gorillas is consistent with observations of
dietary development among other non-human primates and humans. Feeding behavior appears to
be constrained, as evidenced by reduced foraging efficiency compared to adults in both infants and
juveniles. Difficulties in efficiently foraging at an adult level is likely related to the mechanical
challenges of processing a folivorous diet (i.e. chewing tough, fibrous materials); the mechanical
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constraints associated with folivorous diets has been addressed in other developing non-human
primates (Ossi-Lupo 2010), and challenges the prevailing notion that foraging constraints relevant
to juvenile growth are only applicable to extractive foraging tasks (i.e. nut cracking, insect
foraging) or monopolizable food resources (i.e. the “Need to Learn” hypothesis - Ross and Jones
1999). This characterization of the developing diet among a folivorous great ape clearly suggests
that “trial-and-error” feeding and a learning curve for foraging competency is evident among
folivorous taxa as well. This may have implications our understanding of dietary development
throughout evolution, and the role of learning as an essential life history variable during the
weaning transition and into juvenility.
Immature chimpanzee feeding development has been utilized as a model for the acquisition of
subsistence skills and hunting/foraging behaviors among human children throughout evolution
(Matsumoto 2019). Recently, Bray et al. (2017) observed that physical constraints in chimpanzees
likely acted as a causal factor in early feeding choices to define a developmental diet (i.e. difficulty
in mechanically processing pith materials), and in particular noted an expanded dietary breadth
among immature individuals compared to adults. These findings are replicated in this dissertation,
and suggest that these patterns of learning and exploring the nutritional and dietary environment
around them may be shared among all great apes, and not solely a function of ecology or cognitive
tendencies. Among humans, particularly in human hunter-gatherer populations, juveniles
demonstrate distinct foraging patterns relative to adults, targeting foods that are easily
acquired/processed in order to compensate for their lack of skill (Crittenden 2009). Many of the
foods targeted by juvenile human hunter-gatherers are of lower quality, and not habitually
consumed by adults (Bird and Bird 2017; Burton-Jones 1993; Tucker and Young 2017). This
neatly parallels the same observations found in this study, wherein infants consume a wide breadth
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of food items not consumed by adults, many of which appear to be less nutritive than adult food
items, but which may be more accessible, or consumed infrequently during ‘trial-and-error’
sampling (as a form of foraging skill acquisition).

5.3 An evolutionary perspective on nutritional ontogeny
The finding that trial-and-error feeding occurs among mountain gorillas is not only
applicable to our consideration of extreme ecologies and dietary development throughout human
evolution; questions of variable feeding strategies are often assumed to be less relevant in species
who consume homogenous, abundant food resources (i.e. folivores). This study demonstrates that
the differentiation of adult and immature diets in mountain gorillas extends beyond observational
differences in diet, although diet differentiation was evident as well. The profound impact of subtle
differences in food intake, including differential consumption of identical resources, extends
beyond nutritional composition of the diet and contributes to differentiation of the immature fecal
metabolome and microbiome; both of which have extensive implications for the development of
metabolic, immune, and even behavioral systems.
From an evolutionary perspective, studies of hominoids in extreme ecologies offer insights
into the role of the microbiome in early Homo adaptability to variable environments, including
high altitude environments and nutritionally constrained environments. Studies of modern humans
have demonstrated unique microbiome characteristics associated with “non-Western” diets
(typically characterized as high-fiber, low fat diets), both developmentally (i.e., Yatsunenko et al.
2012) and among modern hunter gatherer populations (i.e., Schnorr et al. 2014). These
characteristics emphasize the importance of fiber degrading microbial taxa, including some of
those highlighted in this study. However, modern humans have undergone several fundamental
physiological shifts associated with diet and ecology throughout evolution, and given the known
relationships between host physiology and the microbiome (Amato et al. 2019), there is a strong
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possibility that modern human microbial strategies to cope with ecologically extreme or
nutritionally constrained environments differ from those employed by our evolutionary ancestors.
Indeed, studies of non-human primate responsiveness to ‘humanized’ diets have shown that animal
models may not adequately capture the effect of these diets on modern humans (Amato et al. 2015;
Clayton et al. 2018); likewise, in order to understand the evolutionary basis for the modern human
microbiome, it may offer unique insights to consider closely related non-human primates living in
comparable ecological conditions rather than solely considering the effect of said ecological
conditions on the modern human microbiome.

5.4 Implications for life history patterning
In terms of life history patterning, this dissertation emphasizes the importance of
considering weaning as a unique life history stage, separate and apart from juvenility and from
infancy. As has been found among other great apes and folivores alike, weaning is a long,
protracted process among non-human primates. This study has supported the cyclical nature of
weaning in great apes, even in ecological environments with much more predictable access to
‘sufficient’ food resources. While many studies consider juvenile dietary ontogenesis from the
point of nutritional independence (post-weaning), this study demonstrates that important
transitions and distinct strategies are occurring from the onset of solid food intake, and continue
throughout the protracted weaning process. The extreme variability in weaning time across
multiple species including mountain gorillas (Eckardt et al. 2016), and confirmed through patterns
of facultative milk consumption in this study, demonstrate that weaning is an important stage in
dietary development and that milk may be leveraged as an alternative food source during periods
of suitable foods scarcity.
In terms of the microbiome as a potential nutritional strategy during development, the
results of this study support that the composition of the mountain gorilla gastrointestinal
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microbiome is dynamic across life history stages, and is responsive to age- and stage-specific
nutrient intake, diet, and biophysiological development. The relationship between age and
microbiome composition, both as a community and in terms of individual taxa presence/absence
and abundance, is most evident during periods of high fruit intake. This is potentially a function
of relaxed dietary constraints during these periods, and suggesting that microbiome differentiation
in high fruit intake context more closely mirrors age- and stage-specific functional adaptations (i.e.
associated with digestive processes, biophysiological maturation of the gastrointestinal tract, and
age-specific nutritional priorities). The stronger effect of age on metrics of microbiome variability,
diversity, and composition may be a function of the higher diversity of food items available and
incorporated in the mountain gorilla diet during these periods relative to the otherwise relatively
homogeneous, folivorous diet available during other periods.

5.5 Future work
In terms of future work, it should be noted that there were limitations to this study in the
consideration of nutrient and dietary data as they pertain to the microbiome and metabolome.
Firstly, direct observation of four hour focal diet taken within a week of a fecal sample was only
obtained in for 65 of the collected fecal samples due to the opportunistic nature of these fecal
sample collections and the challenges of four hour focal follows for diet and nutritional
composition of the diet. Additionally, the diet associated with each sample is derived from a single
(or average value of few, in select cases) focal follow surrounding the collected fecal sample – as
such, the diet being presented as associated with the fecal sample may not be fully representative
of the dietary compounds and nutrients that contributed to the analyzed metabolome and
microbiome. Given that the microbiome is dynamic in conjunction with daily dietary changes
(Johnson et al. 2019) and can shift profoundly in as little as two weeks (David et al. 2014).
However, it is difficult to gauge how much additional resolution is required to clarify these results,
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as it is unknown how profoundly the wild microbiome in great apes or non-human primates shifts
in association with diet on a daily basis. Given the unpredictable nature of opportunistic sample
collection, in order to address these issues moving forward, efforts should be made to establish
long-term systematic fecal collection for microbial and metabolite analysis in conjunction with
dietary and nutritional studies, such that we can begin to assess what resolution is required to begin
making causative inferences as to how diet, nutrient intake, metabolic pathways, and microbial
activity interact to create a harmonized suite of dietary strategies and adaptations throughout the
lifecycle.
Lastly, all findings in this dissertation highlight the degree of complexity, variability, and
nuance involved in the period of development often oversimplified in the literature as “infancy”,
“weaning”, or “juvenility”. The patterning of early life history and developmental stages cannot
be reduced to uniform life history stages; rather, dissociable modules within immaturity should be
considered independently. Weaning is critical to consider as unique from both lactational infancy
and from juvenility, especially when considering diet and nutrition, as many primates are already
consuming mostly adult diets by juvenility, and many primates considered juveniles may still be
facultatively or opportunistically consuming milk as a fallback resource. Much of nutritional
ontogenesis appears to occur during the weaning period itself, as individuals develop nutritional
strategies through exposure to solid foods, but mitigate their nutritional risks through persistent
contribution of mothers’ milk. The flexibility of this stage, and the strong relationship between
diet, nutritional intake, and continued nursing, highlights the need for consideration of weaning as
a crucial life history phase determinant of future life history trajectory and adult phenotypic
outcomes.
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Appendix I – Relative abundance of phyla within the gastrointestinal microbiome of mountain
gorillas across age classes
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